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ABSTRACT 


Water-compatible  polymer  concrete  (PC)  formulations  have  been  deve¬ 
loped  which  appear  to  have  potential  for  use  in  all-weather  rapid  repair 
procedures  for  bomb-damaged  runways. 

Formulations  consisting  of  furfuryl  alcohol,  water-saturated  aggre¬ 
gate,  dry  silica  flour,  promoters,  and  catalysts  produced  composites  with 
properties  suitable  for  repair  purposes  when  mixed  and  polymerized  at 
temperatures  from  -20°  to  30°C. 

Calcium-unsaturated  polyester  complexed  PC  also  produced  excellent 
properties.  However,  the  early  strength  criteria  [2000  psi  (13.78  MPa) 
at  1  hr]  and  other  requirements  such  as  compatibility  of  the  formulation 
with  water  and  practical  working  times  could  be  attained  only  at  tempera¬ 
tures  >20°C.  This  system  can  be  polymerized  under  water. 

Studies  of  the  polymerization  reaction  mechanisms,  materials  proper¬ 
ties,  costs,  and  potential  placement  methods  were  performed. 
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EXECUTIVE  SUMMARY 


Experimental  work  has  been  performed  to  develop  a  water-compatible 
polymer  concrete  (PC)  for  use  in  rapid  repair  of  bomb-damaged  airport 
runways.  Requirements  for  the  material  include  simple  and  rapid  place¬ 
ment,  fast  curing  under  all  weather  conditions,  high  strength,  and  good 
durability. 

The  specific  goal  of  this  project  was  to  develop  PC  systems  with  the 
following  characteristics:  they  must  have  a  low  cost  and  long  storage 
life;  they  must  be  nontoxic  and  nonflammable;  and  they  must  exhibit  com¬ 
patibility  with  water,  rapid  curing  (<1  hr)  over  the  temperature  range 
-30°  to  49°C,  compressive  strength  >2000  psi  (>13.78  MPa),  flexure 
strength  >1000  psi  (>6.89  MPa),  and  bond  strength  >500  psi  (>3.45  MPa) 
(all  at  an  age  of  1  hr).  Two  systems  meeting  many  of  these  criteria  were 
developed  and  they  have  been  characterized  in  terms  of  their  properties 
and  costs.  Both  formulations  consist  of  organic  polymer  binders,  water- 
saturated  aggregate,  and  dry  fillers  having  a  size  of  <62  urn. 

Furfuryl  alcohol  (FA),  a  non-petroleum-based  monomer,  was  used  in 
one  PC  formulation.  The  FA  was  polymerized  by  a  condensation-type  reac¬ 
tion  initiated  by  the  addition  of  acidic  a,a,m,-trichlorotoluene  (TCT) 
catalyst,  zinc  chloride  (ZnCl2)  promoter,  and  alkali-type  pyridine  retar¬ 
der  combinations.  The  FA-PC  made  with  wet  aggregate,  over  an  ambient 
temperature  range  of  1°  to  30°C,  was  characterized  by  a  gel  time  >1  min 
and  a  1-hr  compressive  strength  >2000  psi  (>13.78  MPa).  For  the  tempera¬ 
ture  range  -10°  to  -20°C,  the  gel  time  was  >6  min  and  the  1-hr  compres¬ 
sive  strength  was  >3000  psi  (>20.67  MPa).  Other  properties  included  a 
flexure  strength  of  -550  psi  (-3.79  MPa)  and  a  bond  strength  to  a  dry 
concrete  surface  of  -160  psi  (-1.10  MPa),  both  at  an  age  of  7  days.  By 
the  inclusion  of  hooked  steel  fiber  reinforcement  in  this  formulation, 
the  flexure  strength  was  increased  to  >900  psi  (>6-20  MPa). 

The  second  system  showing  promise  was  a  calcium  (Ca)  -  unsaturated 
polyester  (UP)  material.  This  formulation  utilizes  a  Ca-UP  complexed 
ionoraer  binder  that  is  formed  by  an  ionic  bond  occurring  between  Ca~+ 
ions  released  from  portland  cement  paste  and  carboxylate  anions  (-C00-) 
produced  by  the  hydrolysis  of  ester  groups  in  the  UP  monomer.  These 
hydrolytically  synthesized  Ca-UP  complexed  Ionomers  were  polymerized  by 
an  addition-type  reaction  initiated  by  the  use  of  methyl  ethyl  ketone 
peroxide  (MEKP)  catalyst  and  cobalt  naphthanate  (CoN)  -  dimethyl  aniline 
(DMA)  promoters.  When  polymerized  at  a  temperature  >20°C,  this  formula¬ 
tion  was  characterized  by  a  gel  time  >3  min,  a  1-hr  compressive  strength 
>2000  psi  (>13.78  MPa),  a  7-day  flexure  strength  of  -1080  psi  (-7.44 
MPa),  and  a  7  day  bond  strength  to  a  dry  concrete  surface  of  -360  psi 
(-2.48  MPa).  However,  because  of  its  low  polymerization  rate  at  tempera¬ 
tures  O.0°C,  this  system  does  not  appear  to  have  as  much  potential  as  the 
FA-PC  formulations. 


The  material  costs  of  FA  and  Ca-UP  complexed  PC  for  use  at  ambient 
temperatures  between  1°  and  30°C  were  calculated  to  be  ~$510  and  ~$530/m^ 
(~$390  and  ~$405/yd^),  respectively.  The  cost  of  ttye  FA-PC  composite  for 
use  in  the  temperature  range  -1°  to  -20°C  was  ■~$670/m^  (~$512/yd^) . 


Preliminary  work  to  identify  methods  for  practical  field  utilization 
of  both  formulations  was  performed.  A  method  in  which  wet  coarse  and 
fine  aggregate  was  prepacked  into  the  hole  prior  to  saturation  with  mono¬ 
mer  was  shown  to  be  technically  feasible  and  yielded  the  desired  proper¬ 
ties. 


On  the  basis  of  these  criteria  -  simplicity,  properties,  and  cost 
both  PC  systems  show  potential  for  use  as  all-weather  rapid  runway  repair 
materials.  Additional  work  to  continue  the  development  appears  warran¬ 
ted. 
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I. 


INTRODUCTION 


Methods  for  the  simple  and  rapid  repair  of  bomb-damaged  aircraft 
runways  under  all-weather  conditions  are  needed.  As  part  of  this  effort, 
the  U.S.  Air  Force  Engineering  and  Services  Center  (AFESC)  is  currently 
engaged  in  a  7-year  program  aimed  at  meeting  this  need. 

A  material  currently  receiving  world-wide  attention  as  a  rapid 
patching  material  for  concrete  is  polymer  concrete  (PC).  This  material 
consists  of  an  aggregate  and  a  polymeric  binder.  To  produce  PC,  the 
aggregate  is  mixed  with  a  monomer  formulation  and  subsequently  cured  in 
place.  The  resultant  PC  has  the  premix  characteristics  of  portland 
cement  concrete  (PCC)  combined  with  high  strength,  long-term  durability 
and  short  cure  time.  Although  PC  is  expensive  (materials  cost  ~$523/m^ 
[$400/yd^])  compared  to  PCC,  its  excellent  properties  make  it  cost  effec¬ 
tive  for  many  specialized  applications. 

PC  can  be  made  using  a  variety  of  materials  such  as  epoxies,  polyes¬ 
ters,  methyl  methacrylate  (MMA) ,  and  mixtures  of  MMA  with  other  acrylics 
and  crosslinking  agents.  Considerable  research  and  development  have  been 
performed,  and  the  materials  are  being  used  commercially  in  the  U.S. A., 
Japan,  and  Europe. Of  the  many  monomer  systems  tested,  it  has  been 
reported  that  acrylic-based  PC,  with  reactive  resins  as  the  sole  binder, 
comes  closest  to  meeting  the  long-term  demands  imposed  on  the  materials 
system  because  of  low  shrinkage  and  other  favorable  characteristics."4 

To  provide  a  significantly  faster  runway  repair  technique  than  more 
conventional  flexible  pavement  construction,  PC  must  have  curing  times  of 
30  to  60  min.  Durability  and  high  strength  are  also  needed.  If  PC  is  to 
withstand  aircraft  traffic,  it  must  have  a  flexural  strength  equivalent 
to  PCC.  Flexure  strengths  above  this  value  would  allow  the  use  of 
thinner  pavement  sections,  thereby  resulting  in  shorter  placement  times 
and  reduced  cost. 

An  additional  requirement  for  use  in  rapid  repair  systems  is  simple 
and  rapid  placement  under  all  weather  conditions.  The  materials  must  be 
usable  under  conditions  which  include  a  wide  range  of  temperatures  and 
all  forms  of  precipitation.  This  unique  feature  of  all-weather  repairs 
distinguishes  the  rapid  runway  repair  requirements  from  conventional 
highway  and  airport  routine  repair,  and  it  also  presents  a  separate  set 
of  interesting  technical  problems.  Even  conventional  PCC  has  placement 
problems  in  below-freezing  temperatures  or  driving  rain.  The  biggest 
obstacles  for  use  of  PC  in  all  weather  conditions  are:  controllable 
curing  rates  at  extremely  high  and  low  temperatures,  moisture  tolerance, 
and  mechanization.  Each  presents  its  own  specific  problems.^ 

Generally,  acrylic-based  PCs  require  the  use  of  dried  aggregate  to 
yield  a  high-strength  material.  As  an  example,  McNerney^  has  reported 
that  the  compressive  strength  of  MMA  PC  decreased  50%  when  the  sand 
aggregate  moisture  content  was  increased  from  0.2  to  0.8  wt%.  Since  the 


moisture  contents  of  water-saturated  mixtures  of  fine  and  coarse  aggre¬ 
gate  are  generally  >3  wt%,  the  practicality  of  the  use  of  conventional 
MMA  PC  formulations  for  all-weather  repairs  is  doubtful. 

On  the  other  hand,  synthetic  rubber  latexes  and  resin  emulsions 
consisting  of  polymers  dispersed  in  water  have  been  widely  used  as  water- 
-soluble  organic  polymer  binders  for  cement  mortars  and  concretes. 
However,  the  curing  of  these  polymer-modified  hydraulic  cements  at  an  am¬ 
bient  temperature  of  ~25°C  proceeds  very  slowly.  Curing  times  >24  hr  are 
generally  needed  to  obtain  a  compressive  strength  >2000  psi  (13.78  MPa). 

In  research  sponsored  by  the  U.S.  Department  of  Energy,  Brookhaven 
National  Laboratory  (BNL)  studied  the  interactions  that  occur  between 
organic  polymers  and  inorganic  fillers  in  the  presence  of  moisture. 

During  one  study, ”  it  became  apparent  that  several  of  the  major  criteria 
for  airport  runway  patching  materials  could  be  met  by  the  use  of  conden¬ 
sation-type  polymers  in  PC.  As  a  result,  under  sponsorship  of  the  U.S. 
Air  Force  (Contract  No.  AFOSR-ISSA-80-00027) ,  4  resin  systems,  resorcinol 
phenol-formaldehyde  (RPF) ,  urea-formaldehyde  (UF)  ,  melamine-formaldehyde 
(MF),  and  furfuryl  alcohol  (FA),  were  selected  for  additional  evaluation. 

For  purposes  of  comparison  with  the  condensation-type  polymers, 
vinyl-type  MMA  and  ester-type  unsaturated  polyesters  (UP),  representative 
of  addition-type  polymers,  were  also  evaluated. 

The  specific  goals  of  the  BNL  work  were  to  identify  PC  systems  that 
would  exhibit  the  following  characteristics:  compatibility  with  water, 
rapid  curing  (<1  hr)  over  the  temperature  range  -34°  to  49°C,  compressive 
strength  >2000  psi  (13.78  MPa)  at  an  age  of  1  hr,  flexure  strength  >1000 
psi  (6.89  MPa),  bond  strength  >500  psi  (3.44  MPa),  long  storage  life,  low 
cost,  nontoxicity,  and  nonflammability. 

In  order  to  accomplish  the  program  goals  within  the  12-month 
contract  period,  a  detailed  outline  and  schedule  for  the  work  was  pre¬ 
pared  (see  Figure  1). 

Phase  A  was  accomplished  in  6  months  3nd  consisted  of  the  measure¬ 
ment  of  the  mechanical  and  physical  properties  of  specimens  containing 
water-compatible  organic  binders  and  water-saturated  aggregate.  Speci¬ 
mens  2.2  cm  diam  x  4.4  cm  long  were  used  in  most  of  these  screening 
tests,  and  two  promising  systems  were  selected  from  these  studies  to 
optimize  the  mix  variables  with  respect  to  properties. 

Additional  tests  to  determine  the  physical  and  mechanical  properties 
of  the  selected  systems  over  a  wide  range  of  temperatures  were  performed 
in  Phase  8.  Larger-size  specimens  were  used  in  this  phase  of  the  work  to 
determine  the  effects  of  large  aggregate  and  steel  fiber  reinforcement  on 
the  properties.  Preliminary  studies  to  identify  methods  for  the  practi¬ 
cal  field  utilization  of  the  formulations  were  also  performed  in  Phase 
B.  Final  program  documentation  was  prepared  in  Phase  C. 


Phase  A 


Phase  B 


Phase  C 


Figure  1.  Program  outline 


II.  SELECTION  OF  MONOMERS,  AGGREGATE,  AND  FILLER  SYSTEMS 


On  Che  basis  of  a  literature  survey,  discussions  with  the  chemical 
industry,  and  BNL  expertise,  the  four  condensation-type  monomers  listed 
previously  were  selected  for  evaluation  in  PC  containing  water-saturated 
aggregate.  Monomer  selection  was  based  upon  the  following  criteria:  1) 
ease  of  polymerization,  2)  low-flammability,  3)  shelf  life,  4)  miscibi¬ 
lity  with  water  and  organic  solvents,  and  5)  polymerization  to  yield 
high-strength  chemically  resistant  materials. 

Several  types  of  fine  aggregates  and  reactive  filler  materials  were 
also  selected.  The  latter  act  as  promoters  and  induce  chemical  bonding 
between  the  polymers  and  water-saturated  aggregate. 

A.  Literature  Review 


A  literature  survey  was  conducted  to  aid  in  the  selection  of 
organic-type  polymers  that  could  be  used  in  the  formation  of  PCs  having 
compressive  strengths  >2000  psi  (13.78  MPa)  within  1  hr  after  mixing  with 
aggregate  containing  water  contents  of  ~8  wt%.  Major  findings  are 
reported  below. 

When  aggregate  containing  >3  wt%  water  is  used  in  organic-type  PC,  a 
polymeric  binder  having  an  active  group  with  a  chemical  affinity  for 
moisture  is  required  in  order  to  obtain  a  strong  bond  at  the  interface 
between  polymer  and  aggregate.  The  degree  of  affinity  between  the  water 
and  organic  polymer  phases  depends  primarily  on  the  type  of  polymeriza¬ 
tion  reaction  (addition,  condensation,  emulsion,  or  ionic)  and  the  number 
of  OH  and  NH2  groups  in  the  polymer  chain.  The  water  content  that  is 
required  for  latex  and  emulsion-type  polymer-modif led  cement  concretes  or 
mortars,  prepared  by  emulsion  polymerization,  is  in  the 
range  of  ~8  to  ~20%  by  weight  of  aggregate However,  the  curing 
rates  of  polymer-modified  hydraulic  cements  at  temperatures  of  ~25°C  are 
very  slow.^-*^  Curing  times  >24  hr  are  generally  needed  to  obtain  a 
compressive  strength  >2000  psi  (13.78  MPa). 

When  vinyl-type  polymers  such  as  MMA  and  unsaturated  polyesters  are 
used  in  PC,  aggregate  containing  <1  wt%  water  is  required.  3 » ^ 

From  the  literature  review,  it  appeared  that  the  use  of  emulsion, 
latex  and  addition  polymerization-type  monomers  for  rapid  all-weather  PC 
repair  systems  would  be  very  difficult.  As  a  result,  attention  was  given 
to  condensation-type  polymer  systems. 

Phenol-formaldehyde  (PF),  melamine-formaldehyde  (MF),  urea-formalde¬ 
hyde  (UF),  and  furfuryl  alcohol  (FA)  monomers  contain  OH  and  NH2  groups 
in  their  chains  which  result  in  a  strong  affinity  for  moisture.  A 
general  characteristic  of  these  monomers  is  that  they  yield  a  three- 
dimensional  polymeric  structure  consisting  of  methylene  and  ether  bridge 
formations  when  polymerized  by  a  condensation-type  reaction  initiated  by 


use  of  acid  and  alkali-type  catalysts.  A  by-product  of  the  reaction  is 
water. 15,16  Furthermore,  it  is  possible  for  the  water  to  act  as  a 
plasticizer  for  the  polymers. 


PF  resin  as  an  aqueous  solution  is  generally  classified  by  the 
molecular  structure:  namely,  the  resole  and  novolac  types,  produced  by 
the  addition  of  alkali  and  acid  catalysts,  respectively. I7  The  condensa¬ 
tion  polymerization  is  accomplished  by  heating  with  the  addition  of 
hexamethylene  tetramine.l7  Resole-type  PF  resins  are  a  mixture  of 
2 ,4-dimethylol-phenol,  0 -hydroxylbenzyl,  and  ortho-hydroxylbenzyl.18-20 


Novolac-type  resins  are  phenol-ended  chain  polymers  in  which  the 
phenolic  nuclei  are  joined  by  methylene  bridges  located  ortho  and  para  to 
the  phenolic  hydroxyl  groups. 21~23  Resole-type  PF  resin  is  also  charac¬ 
terized  by  the  one-stage  polymerization  which  is  highly  reactive,  when 
compared  with  the  two-stage  process  of  novolac-type  PF.^7  This  means 
that  the  polymerization  rate  of  the  resole  type  is  higher  than  that  of 
the  novolac  type. 


In  order  to  assure  a  high  degree  of  polymerization,  the  choice  of  a 
suitable  alkali  catalyst  is  very  important.  From  the  various  alkali 
catalysts  [Ca(0H>2,  NaOH,  triethylamine  etc.],  NaOH  has  been  shown  to  be 
the  most  effective  for  use  with  the  resole  PF  resin. 2^.25 


The  formaldehyde-type  condensation  polymers  also  include  MF  and  UF 
monomers  which  contain  NH2  groups  in  their  molecules.  Curing  of  these 
monomers  is  accomplished  by  the  addition  of  an  acid  or  acid-releasing 
catalyst.  The  use  of  ammonium  sale  as  a  strong  acid  catalyst  will  react 
with  any  uncombined  formaldehyde  present  in  the  resin  dispersion,  as  well 
as  with  the  terminal  methylol  groups  of  the  monomeric  species,  to  form 
hexamethylenetetramine  and  the  corresponding  free  acid. 2”  The  acid 
released  from  the  salt  acts  as  a  catalyst  to  promote  condensation  of  the 
monomers  and  intermediate  polymer  by  elimination  of  water,  forming 
straight  or  random  chains  and  closed-ring  structures . ^6 

FA  monomer  is  characterized  by  low  vapor  pressure  (1  mm  Hg  at 
31.8°C),  low  viscosity  (~5  cP  at  25°C),  low  flammability  (1.8  to  16.3%  in 
air  in  the  temperature  range  72.5°  to  122°C),  and  solubility  in  water. 
Furfural,  an  intermediate  in  the  production  of  FA  monomer,  is  produced 
from  agricultural  wastes  such  as  corn  cobs,  oil  hulls,  etc. 16  as  a 
result,  FA  monomer  is  produced  from  a  relatively  stable  supply  source, 
which  is  low  cost  and  energy  conservative  when  compared  to  other  conven¬ 
tional  petroleum-based  organic  materials  such  as  MMA,  styrene  (St),  and 
UP. 


The  condensation  polymerization  of  FA  is  normally  conducted  using 
acidic-type  initiators  such  as  benzenesulfonic  acid,  D -toluenesulfonic 
acid,  trichloroacetic  acid,  a,a,n-trichlorotoluene ,  a,a-dichlorotoluene , 
and  u-chlorotoluene . 27 .28  an  attempt  to  develop  a  one-step  curing 

process,  Hess-7  measured  the  gel  times  at  25°C  of  FA  combined  with  these 
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acidic-type  initiators.  He  demonstrated  that  gelatins  could'  be  produced 
within  20  hr  by  the  addition  of  benzenesulfonic  acid,  P -toluenesulf o- 
chloride,  and  a, a ,a-trichlorotoluene  (TCT) . 

In  our  study,  TCT,  which  shows  catalytic  effects  brought  about  by  a 
hydrolytic  reaction  when  water  is  present,  was  used  as  the  acid-based 
initiator.  However,  it  was  very  difficult  to  obtain  a  high  rate  of  poly¬ 
merization  at  ~24°C.  Therefore,  the  use  of  promoters  which  would  accele¬ 
rate  the  reaction  was  required.  Several  water-soluble  metallic  salts 
such  as  SnCl^,  ZnCl2,  and  AICI3  were  considered  as  materials  to  give  the 
desired  ~30  min  cure  at  24°C.  Because  of  its  low  cost,  ZnCl2  was  selec¬ 
ted. 


It  has  been  reported  that  ZnCl2  is  widely  used  as  a  catalyst  for  FA 
monomer . ^9  When  the  FA-ZnCl2  system  is  activated  by  heating  to  tempera¬ 
tures  between  60°  and  85°C,  it  results  in  a  smooth  polymerization  and  a 
high  solids  yield.  In  our  preliminary  experiments,  it  was  found 
that  the  addition  of  ZnCl2  to  the  FA-TCT  system  produced  a  highly  poly¬ 
merized  FA  and  the  gel  time  was  decreased  markedly.  Therefore,  the  use 
of  ZnCl2  as  a  promoter  was  adopted. 

B.  Candidate  Systems 


Based  upon  the  results  from  the  literature  survey,  a  series  of  pre¬ 
liminary  experiments  were  performed  and  the  results  were  used  In  the 
selection  of  systems  for  further  evaluation.  In  this  work,  polymer 
mortar  (PM)  specimens  were  made  using  formaldehyde,  alcohol,  vinyl,  and 
ester-type  polymers  as  binders  and  silica  sand  as  aggregate.  The 
moisture  content  of  the  aggregate  was  ~8  wt %. 

1.  Materials 


Three  formaldehyde-type  monomers  RPF,  MF,  and  UF,  were  evaluated. 
These  are  commercial  materials  and  were  supplied  by  the  Gulf  Oil  Chemi¬ 
cals  Company. 

The  polymerization  of  RPF  monomer  was  initiated  by  the  addition  of 
20  wtZ  promoter  (Gulf  Oil  Chemicals  Company  commercial  name  S-10)  and  an 
adequate  amount  of  Type  III  portland  cement  which  was  used  as  a  reactive 
filler.  The  major  chemical  constituent  of  S-10  is  paraformaldehyde. 

MF  is  a  solid  and  It  was  first  dissolved  in  water  to  produce  a  solu¬ 
tion  with  a  viscosity  of  165  cP.  It  was  then  mixed  with  the  sand  aggre¬ 
gate. 


The  MF  and  UF  monomers  were  polymerized  using  a  sulfonate-type  cata¬ 
lyst  (commercial  name:  TWA,  Gulf  Oil  Chemicals  Company). 


The  FA  monomer  used  In  these  preliminary  tests  was  a  commercial- 
grade  material  supplied  by  the  Quaker  Oats  Company.  As  discussed 
earlier,  polymerization  was  initiated  by  the  use  of  TCT  and  ZnCl2*  Since 
Znd2  is  readily  soluble  in  water,  it  was  easy  to  distribute  it  uniformly 
in  the  wet  aggregate  phase. 

For  the  purpose  of  comparison  with  the  above  systems,  two  monomer 
mixtures  commonly  used  in  PC,  95  wtX  MMA  -  5  wt%  trimethylolpropane 
trimethacrylate  (TMPTMA),  and  50  wt£  UP  -  50  wt%  St  monomer,  were  also 
evaluated.  These  mixtures  represent  vinyl-  and  ester-type  monomers, 
respectively.  The  MMA-TMPTMA  mixture  was  polymerized  by  use  of  benzoyl 
peroxide  (BPO)  as  a  catalyst  and  dimethyl  aniline  (DMA)  and  dimethyl 
toluidine  (DMT)  as  promoters.  The  UP-St  monomer  was  polymerized  using 
methyl  ethyl  ketone  peroxide  (MEKP)  catalyst,  and  cobalt  naphthanate 
(CoN)  and  dimethyl  aniline  (DMA)  promoters. 

Some  properties  of  these  monomers  are  given  in  Table  1  and  polymeri¬ 
zation  systems  for  each  are  summarized  in  Table  2. 

Type  III  portland  cement  having  a  specific  surface  of  4920  cm^/g,  as 
measured  by  the  Blain  method,  was  supplied  by  Lone  Star  Industries  Inc. 
for  use  as  a  reactive  filler  material.  The  chemical  compounds  in  the 
cement  were  as  follows: 

Composition,  %  Loss  on 

CaO  SiO^  AlpO-^  MgO  FepOg  SO-^  ignition,  % 

63.77  19.82  6.01  3.10  2.37  3.27  0.86 

For  purposes  of  comparison  with  the  cement  filler,  silica  flour 
having  a  particle  size  <62  pm  was  used  as  a  moisture-absorbing  filler 
material. 

The  aggregate  used  in  preparing  the  PM  was  a  commercial  silica  sand 
having  a  particle  size  of  1.19  to  0.149  mm. 

The  PMs  were  prepared  by  thoroughly  mixing  the  wet  aggregate  with 
the  dry  filler.  The  mixing  was  performed  by  hand  for  ~2  min.  This  was 
followed  by  the  addition  of  the  monomer  mixture  containing  an  adequate 
amount  of  catalyst  and  promoter  and  subsequent  mixing  for  ~1  min. 

2 .  Experimental  Procedure 

Gel  times,  peak  exotherm  times,  and  peak  temperatures  for  the  PM 
formulations  were  measured  by  inserting  a  thermocouple  connected  to  a 
strip  chart  recorder  into  a  test  tube  containing  a  150-g  mass  of  the  PM. 
During  polymerization  the  temperature  was  monitored  on  the  recorder. 

The  compressive  strength  was  determined  for  triplicate  PM  specimens 
with  a  curing  age  in  air  of  24  hr  at  a  temperature  of  ~24°C-  Specimens 
2.2  cm  diam  x  4.4  cm  long  were  used  for  compressive  strength  tests. 


Monomer  Systems  Evaluated 


Monomer 

Formula3 

Form 

Viscos . 
at  24°C, 
cP 

Resorcinol  phenol-formaldehyde 

C6H4(0H)2  -  C6H5OH  -  HCHO 
(2-3)  (1-1.5)  (1-2) 

Liquid 

1760 

Urea-formaldehyde 

NH2CONH2  -  HCHO 
(1.0)  (1.5-2. 5) 

Liquid 

7150 

Melamine- formaldehyde 

NH2 C : NC ( NH2 ) : NC ( MH2 ) : N-HCHO 
(3-4)  (1-1.5) 

Powder 

165b 

Furfuryl  alcohol 

OCH : CH  CH:CCH20H 

Liquid 

5 

Methyl  methacrylate-trimethylol- 
propane  trimethacrylate 

CH2:C(CH3)COOCH3-(CH2-CH3-COOCH2)3CCH2CH3 
(1.0)  (0.02) 

Liquid 

1 

Polyester- styrene 

-0C0CH : CHCOOCH2CH2-C6H5CH : CH2 

Liquid 

123 

(1.0)  (1.4) 

aMolar  ratios  of  the  primary  ingredients. 

^Obtained  by  dissolving  powder  in  302  water. 


Table  2 

Catalyst-Promoter  Systems  Used  For  "Room  Temperat 

ure"  Curing 

Monome  r 

Catalyst 

Promoter 

Resorcinol  phenol-formaldehyde 

Paraformaldehyde  (S-10) 

Type  III  portland  cement 

Urea -formaldehyde 

Sulphonate-type  (TWA) 

Melamine- formaldehyde 

Sulphonate-type  (TWA) 

Furfuryl  alcohol 

i,a,o-trichlorotoluene  (TCT) 

Zinc  chloride  (ZnCl2) 

Methyl  methacrylate- 
t  rime  thy  lolpropane- 
triraethacrylate 

Benzoyl  peroxide  (BP0) 

Dimethyl  aniline  (DMA)+ 
Dimethyl  toluidine  (DMT) 

Po lyes  te  r-s  t  vrene 

Methyl  ethyl  ketone  peroxide 
(MEKP) 

Cobalt  naphthanate  (CoN) 

+  Dimethyl  aniline  (DMA) 

3.  Results  and  Discussions 


Data  from  preliminary  tests  on  PM  systems  are  given  in  Table  3  and 
typical  temperature-time  curves  are  shown  in  Figure  2. 

For  PM  containing  RPF  (Samples  1  to  4),  the  data  indicated  that  the 
curing  rate  and  compressive  strength  increased  as  the  concentration  of 
the  Type  III  cement  promoter  was  increased.  Although  not  indicated  in 
Table  3,  the  gel  time  of  RPF-PM  without  the  cement  filler  was  —10  hr. 
Samples  containing  8.9  and  15.6%  cement  had  gel  times  of  ~7  and  2  min, 
respectively.  Their  compressive  strengths  were  2823  (19.46  MPa)  and  3065 
psi  (21.14  MPa)  at  24  hr. 

Silica  flour,  particle  size  <60  pm,  was  used  as  a  dry  filler  in  the 
UF  specimens.  As  expected,  the  cure  rate  increased  with  increased  ini¬ 
tiator  concentration.  Unfortunately,  the  compressive  strength  decreased 
with  increased  curing  rate  and  all  of  the  formulations  had  strengths 
<2000  psi  (13.78  MPa). 

All  MF  specimens  had  24-hr  strengths  >4000  psi  (>27.56  MPa)  even 
though  the  curing  rates  were  lower  than  for  the  UF  samples.  As  indicated 
in  Figure  2,  the  low  rate  of  cure  for  the  MF  system  did  not  produce  an 
appreciable  exothermic  peak.  From  these  results  it  was  apparent  that 
special  promoters  and  reactive  fillers  would  have  to  be  developed  before 
this  system  could  meet  the  program  goals. 

For  the  FA  specimens,  the  gel  times,  peak  times,  peak  temperatures, 
and  compressive  strengths  were  measured  on  samples  prepared  by  varying 
the  amount  of  ZnCln  promoter  added  while  maintaining  a  constant  FA 
monomer  to  TCT  catalyst  ratio  of  100:3.25. 

The  same  dry  silica  flour  as  used  in  UF  and  MF-PM  specimens  was  used 
as  a  filler  material  with  the  FA.  The  data  indicated  that  the  gel  and 
peak  exotherm  times  decreased  with  increased  ZnC^  concentration. 

Although  not  shown  In  Table  3,  the  gel  time  for  FA  specimens  containing 
4.0%  TCT  .atalyst  but  without  the  Znd2  was  -6  hr  at  24°C. 

The  peak  exotherm  temperature  and  24-hr  compressive  strength  of 
FA-PM  increased  with  ZnClg  concentration.  Compressive  strengths  >2000 
psi  (>13.73  MPa)  were  obtained  by  the  addition  of  >6%  ZnC^ .  At  a  con¬ 
centration  of  8.4%,  the  strength  was  4560  psi  (31.42  MPa). 

The  FA  system  also  appeared  to  have  the  potential  for  a  relatively 
easy  placement  procedure.  The  low-viscosity  FA  has  a  long  shelf  life  and 
can  be  mixed  conventionally.  In  addition,  ZnClg  offers  minimum  storage 
problems  and  is  compatible  with  water. 

The  use  of  a  50%  UP  -  50%  St  monomer  system  with  wet  aggregate  would 
normally  be  avoided  because  of  the  degradation  of  the  polymer  matrix 
brought  about  by  the  hydrolysis  of  the  UP  polymer.  However,  it  was  found 
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chat  UP-PC  containing  an  anhydrous  cement  filler  was  converted  into  a 
Ca-UP  complexed  ionomer  consisting  of  an  ionic  bonding  between  Ca“+ 
ions  liberated  from  the  cement  and  -COO”  ions  produced  by  the  hydrolytic 
reaction  of  ester  groups  during  exposure  to  water.  This  hydrolytically 
synthesized  Ca-UP  complexed  ionomer  has  excellent  stability  which  results 
in  significant  improvements  in  strength  and  durability. 

On  the  basis  of  these  data,  anhydrous  Type  III  portland  cement  was 
used  as  a  reactive  filler  for  the  UP-St  wet  aggregate  system.  For 
purposes  of  comparison,  silica  flour  filler  was  also  evaluated.  As  indi¬ 
cated  in  Table  3,  the  compressive  strength  of  UP-St  specimens  prepared 
by  the  addition  of  14.5%  Type  III  portland  cement, was  considerably  higher 
(6332  psi  vs  831  psi)  (43.67  MPa  vs  5.73  MPa)  than  that  of  specimens  con¬ 
taining  an  equal  amount  of  silica  flour.  The  gel  time  of  all  the  UP-St 
samples  was  ~23  min.  However,  the  rate  of  polymerization  was  too  slow  to 
produce  a  measurable  exothermal  peak. 

MMA  monomer  was  found  to  be  unsuitable  for  use  as  a  binder  for 
aggregate  containing  ~8%  water.  Strengths  <1300  psi  (<8.96  MPa)  were 
obtained  for  all  of  the  MMA  specimens.  Compared  to  silica  flour  fillers, 
the  inclusion  of  portland  cement  with  wet  aggregate  lowered  the  strength 
considerably . 

From  the  results  described  above,  the  PM  formulations  listed  below 
were  selected  for  further  evaluation  in  a  series  of  screening  tests. 

1)  RPF  monomer  -  (S-10)  catalyst  -  wet  aggregate  -  Type  III  port- 
land  cement  filler. 

2)  MF  monomer  -  TWA  catalyst  -  wet  aggregate  -  silica  flour  filler. 

3)  FA  monomer  -  TCT  catalyst  -  ZnC^  promoter  -  wet  aggregate  - 
silica  flour  filler. 

4)  50%  UP  -  50%  St  monomer  -  MEKP  catalyst  -  CoN-DMA  promoter  -  wet 
aggregate  -  Type  III  portland  cement  filler. 

C.  Screening  Tests 


A  series  of  experiments  intended  to  quantify  PM  formulations  that 
would  yield  the  properties  required  for  rapid  runway  repair  applications- 
were  conducted.  In  addition  to  measurements  of  the  mechanical  properties 
of  the  resulting  composites,  tests  to  determine  the  reaction  kinetics  and 
mechanisms  were  performed. 

The  mechanical  and  physical  property  evaluations  were  performed  on 
duplicate  PM  specimens  containing  wet  aggregate.  Specimens  2.2  cm  dian  x 
4.4  cm  long  were  used  fir  compressive  strength  tests.  For  bending 
strength  tests,  1 . 2S-c.n- square  x  7 . 5-cn-long  beams,  supported  on  a  '-cm 
span,  were  subject'-  !  i  bending  und-r  center-point  loading. 
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Tensile  strengths  were  obtained  using  a  splitting-tension  test  performed 
on  2.2-cm-diam  x  4.4-cm-long  specimens.  Data  for  the  modulus  of  elasti¬ 
city  were  obtained  using  strain  gages  attached  with  epoxy  to  the  surface 
of  3.4-cm-diam  x  6.8-cm-long  specimens.  The  secant  modulus  was  obtained 
by  calculation  using  data  at  stress  levels  representing  50%  of  the  ulti¬ 
mate  strength,  as  determined  from  the  measured  stress-strain  curves. 

Water  absorption  was  obtained  by  measuring  the  increase  in  weight  of 
2.2-cm-diam  x  4.4-cm-long  specimens,  which  were  previously  dried  at  100°C 
to  constant  weight,  after  immersion  in  water  for  7  days  at  ~24°C.  The 
shear  bond  strength  was  determined  from  the  results  of  the  shear  strength 
at  the  interface  between  a  7 .0-cm-diam  x  3.0-cm-thick  cement  mortar 
cylinder  and  an  ~3.0-cm  thickness  of  PM  which  was  cast  against  the 
smoothly  finished  concrete  surface. 

The  kinetics  of  condensation  polymerizations  were  determined  by 
using  a  DuPont  910  Differential  Scanning  Calorimeter  (DSC)  with  a  heating 
rate  of  10°c/min  in  nitrogen  gas.  The  area  measurements  of  the  exother¬ 
mic  peaks  which  represent  the  condensation  reaction  of  the  polymer  were 
made  with  a  planimeter. 

A  Perkin-Elmer  Model  257  Spectrometer  was  used  for  infrared  (IR) 
analyses.  The  tests  were  performed  by  using  KBr  discs  prepared  by  mixing 
200  mg  of  KBr  and  3  to  5  mg  of  the  samples  crushed  to  <0.104  mm.  The 
spectra  were  run  at  an  8-min  scanning  rate  over  the  range  4000  to  500 
cm-^ . 


Flammability  tests  for  PM  composites,  12.7  cm  long  x  1.27  cm  wide  x 
0.6  cm  thick,  were  performed  according  to  ASTM  D635-68,  "Flammability  of 
Self-Supporting  Plastics."  The  method  is  illustrated  in  Figure  3. 

1.  RPF-  and  MF-PM  Formulations 


a .  Property  Measurements 


RPF-PM  Formulations  were  first  evaluated  on  the  basis  of  compressive 
strength  tests  performed  1,  3,  5,  and  20  hr  after  mixing  with  wet  sand. 
Specimens  of  different  compositions  but  with  a  constant  water  content  of 
8%  in  the  aggregate  were  prepared  according  to  the  mix  proportions  given 
in  Table  4.  The  ratio  by  weight  of  RPF/S-10  used  was  held  constant  at  a 
value  of  4:1. 

The  compressive  strength  results  for  specimens  containing  cement 
contents  ranging  between  6.8  and  17.5%  are  given  in  Figure  4.  The  data 
indicate  that  the  initial  strength  of  the  specimens  increases  with  an 
increase  in  the  amount  of  cement  promoter.  Samples  containing  17.5  wt% 
cement  had  a  strength  of  2200  psi  (•'•15.16  MPa)  at  an  age  of  1  hr. 
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■  CEMENT  CONTENT  6.6  % 

. 

IO.I  % 

1  * 
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:  -8.0% 

Figure  4.  Compressive  strength 

of  RPF-PM  samples  containing 

10 

15 

20 

various  amounts  of  Type  III 

TIME, 

hr 

Portland  cement  vs  time 

To  investigate  the  Influence  of  water  content  on  the  mechanical 
properties  of  RPF-PM,  specimens  were  prepared  at  a  constant  cement/ 
aggregate  +  water  +  cement  (C/A+W+C)  ratio  by  weight  of  ~26%.  Composi¬ 
tional  data  for  these  samples  are  given  in  Table  5.  The  water  content 
(W/A+W)  of  the  aggregate  used  was  in  the  range  of  0  to  19.3%. 

Compressive  strengths  1  hr  after  casting  are  given  in  Figure  5. 
Although  the  figure  indicates  that  for  aggregate  with  water  contents 
above  ~3%,  the  strength  of  the  specimens  decreases  with  an  increase  in 
the  water  content,  this  is  not  totally  correct.  As  shown  in  Table  5,  the 
polymer  binder  content  was  reduced  as  the  water  content  was  increased  in 
order  to  maintain  approximately  the  same  fluidity.  Therefore,  the  influ¬ 
ence  of  the  water  content  was  estimated  on  the  basis  of  a  comparison  of  a 
relative  value  obtained  from  a  strength/polymer  content  (cc/Pc)  ratio  for 
the  different  compositions  of  RPF-PM.  These  results,  also  given  in  Table 
5,  indicate  that  the  cc/Pc  ratio  of  RPF-PM  having  an  aggregate  water  con¬ 
tent  of  ~7%  is  slightly  lower  (0.44  vs  0.47)  than  that  of  specimens  con¬ 
taining  dry  aggregate.  This  means  that  aggregate  water  contents  below 
~7%  did  not  result  in  an  appreciable  reduction  in  the  strength. 

On  the  basis  of  the  results  described  above,  3  RPF-PM  formulations 
(see  Table  6)  were  selected  for  use  in  tests  to  measure  the  compressive 
strength  at  several  ages  after  casting  at  various  temperatures.  The 
samples  were  prepared  by  varying  the  amount  of  reactive  cement  filler 
over  the  range  of  15.1  to  20.6  wt%  while  maintaining  a  constant  RPF  mono¬ 
mer  to  S-10  catalyst  ratio  of  80:20.  Polymerization  was  initiated  in  a 
water  bath  at  constant  temperatures  of  2°,  10°,  20°,  and  30°C.  Compres¬ 
sive  strength  measurements  were  then  made  at  ~24°C  1,  5,  and  24  hr  after 
mixing.  These  results  are  summarized  in  Table  7. 

At  30°C,  all  RPF-PM  specimens  containing  aggregate  with  water  con¬ 
tents  ranging  from  2.5  to  7.5  wt%  had  a  1-hr  compressive  strength  >2010 
psl  (>13.85  MPa) . 

Data  at  a  water  bath  temperature  of  20°C  indicate  that  the  addition 
of  <17.8  wt%  reactive  cement  filler  to  RPF-PM  specimens  containing  <7.5 
wt%  water  does  not  result  in  adequate  compressive  strength.  However,  a 
1-hr  strength  >2000  psi  (>13.78  MPa)  was  obtained  when  20.6  wt%  cement 
was  used.  The  results  from  these  and  earlier  tests  suggest  that  the 
initial  strengths  of  specimens  polymerized  in  a  water  bath  are  ~10%  lower 
than  those  of  specimens  polymerized  in  air  at  the  same  temperature.  This 
may  be  due  to  the  higher  heat  capacity  of  the  water  and  improved  rate  of 
heat  transfer  which  results  in  the  peak  exotherm  temperature  being 
reduced . 

At  ambient  temperatures  <20°C,  the  strengths  decrease  rapidly  with 
decreasing  curing  temperature.  The  1-hr  strength  of  specimens  cured  at 
2°C  was  too  low  to  be  measured. 

From  these  results,  it  appears  that  the  RPF-PM  system  will  meet  the 
desired  compressive  strength  criteria  only  at  temperatures  >20°C. 
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COMPRESSIVE  STRENGTH 


Table  5 


Composition  of  RPF-PM  Containing  Different  Water  Contents 


Specimen 

W/A+W, 

C/A+W+C,  cc/P -,*> 

No . 

Composition3 

% 

%  % 

46%P-40%A-0%W-14%C 
4  5  %P-40ZA-0 .7%W-14.3%C 
41%P-40.6%A-3.1%W-15.3%C 
31%P-44.1%A-7.0%W-17.9%C 
21%P-47 .2%A-U . 3%W-20 . 5%C 


aP,  80%  RPF-20%(S-10);  A,  50  wt%  No.  16  sand  (size,  1.19  mm)  -  25  wt% 
No.  30  sand  (size,  0.595  mm)  -  25  wt%  No.  100  sand  (size,  0.149  mm);  W 
water;  C,  Type  III  portland  cement. 

b aP ,  compressive  strength;  Pr ,  RPF  resin  content  (wt%). 


0.0 

25.9 

1.7 

26.0 

7.1 

25.9 

3.7 

25.9 

9.3 

26.0 

,0  12 
*/ f  .  w ,  •*% 


Figure  5.  Compressive  strength 
of  RPF-PM  after  a  1-hr  cure  time 


Table  6 


RPF-PM  Compositions 


Specimen 

No. 

RPF 

monomer, 

wt% 

Aggregate,3 

wt% 

S-10 

catalyst, 

WtX 

Type  III  Portland 
cement  reactive 
filler,  wt% 

Water,  wt%, 
by  weight  of 
aggregate 

A 

26.4 

51.9 

6.6 

15.1 

2.5  to  7.5 

B 

26.4 

49.2 

6  .6 

i7 .8 

2.5  to  7.5 

C 

26.4 

46.4 

6.6 

20.6 

2.5  to  7.5 

Aggregate,  50  wt%  No.  16  sand  (size,  1 . I 9  mm)  -  25  wt%  No-  30  sand  (size,  0.595 
mm)  -  25  wt"  No.  100  sand  (size,  0.149  mm). 


Table  7 


Compressive  Strength  of  RPF-PM 

Specimens  as  a 

Function  of 

Age  for 

the  Temperature 

Range  30°  to 

2°C 

Temperature , 

Cement 

Compressive 

strength 

Specimen 

°C 

Water, 

promoter. 

psia 

No. 

ambient  components  wt% 

wt% 

1  hr 

5  hr 

24  hr 

A- 1 

30  24 

7.5 

15.1 

2010 

2177 

2442 

B-L 

" 

17.8 

2114 

2235 

2619 

C-l 

" 

20.6 

2374 

2538 

2795 

A- 2 

5.0 

15.1 

2135 

2339 

2869 

B-2 

** 

17.8 

2400 

2661 

2984 

C-2 

'* 

20.6 

2794 

3018 

3671 

A- 3 

2.5 

15.1 

2216 

2661 

3548 

b-: 

" 

M 

17.8 

2636 

2966 

3755 

C-3 

" 

20.6 

2951 

3274 

4180 

A-4 

20  20 

7.5 

15.1 

1410 

1813 

2161 

B-4 

" 

17.8 

1768 

1974 

2581 

C-4 

.. 

" 

20.6 

2012 

2186 

2598 

A- 5 

5.0 

15.1 

1606 

2074 

2419 

B-5 

" 

17.8 

1959 

2236 

2658 

C-5 

** 

20.6 

2240 

2596 

2943 

A- 6 

.. 

2.5 

15.1 

1803 

2235 

2695 

B-6 

" 

17.8 

1978 

2471 

2816 

C-6 

" 

20.6 

2295 

2738 

3045 

A- 7 

10  2 

7.5 

15.1 

368 

905 

1008 

B-7 

.. 

" 

17.8 

810 

1014 

1150 

C-l 

" 

** 

20.6 

1058 

1230 

1400 

A-8 

10  2 

5.0 

15.1 

740 

1050 

1185 

B-8 

" 

17.8 

1068 

1223 

1404 

C-8 

" 

20.6 

1106 

1351 

1689 

A- 9 

2.5 

15.1 

1087 

1162 

1342 

B-9 

" 

17.8 

1204 

1348 

1510 

C-9 

" 

20.6 

1351 

1666 

1805 

A- 10 

2  2 

7.5 

15.1 

— b 

— 

705 

B-10 

" 

" 

17.8 

— 

— 

928 

C-10 

" 

20.6 

— 

208 

1010 

A-U 

5.0 

15.1 

— 

— 

980 

B-ll 

** 

" 

17.8 

— 

275 

1250 

C-l  1 

” 

20.6 

— 

460 

1386 

A- 12 

2.5 

15.1 

— 

175 

990 

B-12 

’* 

17.8 

— 

328 

1325 

C-12 

" 

20.6 

— 

500 

1400 

aMPa  =  psl  x  6.895  x  10"3. 
^Too  low  to  be  measured. 
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Compressive  strength  results  for  MF-PM  specimens  having  the  composi¬ 
tions  indicated  in  Table  3  are  given  in  Figure  6.  The  results  indicate 
that  the  strengths  for  specimens  containing  sand  with  an  ~8%  water  con¬ 
tent  are  relatively  lower  than  those  for  RPF-PM  specimens  and  that  a 
curing  period  >15  hr  is  necessary  to  obtain  a  strength  >2000  psi  (>13.78 
MPa)  in  air  at  ~24°C. 

Compressive  stress-strain  curves  for  RPF-PM  and  MF-PM  specimens  are 
illustrated  in  Figure  7.  Data  for  the  modulus  of  elasticity  (Ec)  were 
obtained  using  strain  gages  attached  with  epoxy  to  the  surface  of  the 
cylindrical  specimens.  The  secant  modulus  was  obtained  by  calculations 
using  data  at  stress  levels  representing  50%  of  the  ultimate  strength,  as 
determined  from  the  measured  stress-strain  curves. 

The  Ec  value  of  MF-PM  was  5.75  x  103  psi  (3.96  x  103  MPa),  ~79 % 
higher  than  that  of  RPF-PM  specimens.  However,  the  maximum  strain  of 
MF-PM  (~12  x  10-3)  was  considerably  lower  than  that  of  RPF-PM  (~40  x 
10-3).  This  indicates  the  brittle  nature  of  MF-PM  composite  materials. 

The  relative  toughness  of  the  materials  was  determined  from  the 
stress-strain  curves  by  measuring  the  total  area  under  the  curves  obtain¬ 
ed  by  drawing  perpendicular  lines  from  the  ends  of  the  curves  (represen¬ 
tative  of  the  complete  failure  of  the  materials)  to  the  strain  coordi¬ 
nates.  The  area  for  RPF-PM  was  relatively  large  when  compared  with  the 
area  for  MF-PM.  Therefore,  it  is  apparent  that  RPF-PM  has  greater  tough¬ 
ness  than  MF-PM. 

RPF-PM  and  MF-PM  specimens  of  the  same  compositions  as  those  used  in 
modulus  of  elasticity  tests  were  used  for  compressive,  flexure,  and  shear 
bond  strength  measurements  and  in  water  absorption  tests.  These  results 
are  summarized  in  Table  9. 

The  3-day  compressive  strengths  of  RPF-PM  and  MF-PM  specimens  were 
found  to  be  3594  psi  (24.8  MPa)  and  6371  psi  (43.9  MPa),  respectively. 

Compared  to  the  1-hr  compressive  strength  of  RPF-PM,  the  improvement  in 

strength  at  an  age  of  3  days  was  only  ~63%.  The  RPF-PM  specimens  pro¬ 
duced  a  compressive  strength  of  >2000  psi  (13.78  MPa)  at  ~24°C  within  1 
hr  after  mixing  with  an  aggregate  containing  8%  water. 

With  flexure  strength,  it  was  noted  that  the  value  of  1153  psi  (7.9 
MPa)  for  RPF-PM  specimens  represented  ~32%  of  its  compressive  strength. 
For  MF-PM  the  difference  was  ~23%.  Generally,  the  ratio  of  the  flexure 
strength  to  compressive  strength  (fj,/fc)  for  MMA  and  UP-PCs  is  ~0.21  to 

0.26.  Therefore,  the  ffj/fc  strength  ratio  of  0.23  for  MF-PM  is  quite 

similar  to  those  for  MMA  and  UP-PC  specimens.  The  f^/fc  rat^°  f°r  RPF-PM 
was  a  relatively  high  0.32. 

It  is  well  known  that  the  density  of  materials  has  a  direct  effect 
upon  the  compressive  strength,  and  that  the  flexure  strength  depends  on 
an  intermolecular  force  which  occurs  between  each  material  phase.  As  a 
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Figure  6.  Compressive  strength  of  MF-PM  samples  containing 
various  amounts  of  catalyst 


0  5  0  5  20  it  X)  35  40 
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Figure  7.  Stress-strain  curves  for  recommended  PM  formulations 
after  curing  for  3  days  at  v24QC 
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Table  8 


Composition  of  MF-PM  Specimens 


Specimen 

No. 


Composition3 


W/A+W, 

X 


MF-1  12.8%MF-3.2%H20-4.0%TWA-59.9%A-5.2%W-14.9%Si02  8.0 

MF-2  11.6%MF-3.0%H2O-5.4%TWA-59.9%A-5.2%W-14.92SiO2  8.0 

MF-3  l0.6%MF-2.6%H20-6.8%TWA-59.9%A-5.2%W-14.9%Si02  8.0 

aMF,  Melamine-formaldehyde;  A,  50  wt%  No.  16  sand  (size,  1.19  mm)  -  25 


wt%  No.  30  sand  (size,  0.595  mm)  -  25  wt%  No.  100  sand  (size,  0.149  mm); 
W,  water;  Si02,  dry  silica  flour  (size,  <60  pm). 


Measured 

Table  9 

Properties  of  RPF  and 

MF  Polymer  Mortars 

Type  of  PMa 

Compressive  strength, 
psi  (MPa) 

^  Flexure  strength,0 
psi  (MPa) 

Shear  bond  strength,d 
psi  (MPa) 

Water  absorption,6 
wt% 

RPF 

3594  (24.8) 

1153  (7.9) 

105  (0.7) 

2.64 

MF 

6371  (43.9) 

1435  (9.9) 

203  (1.4) 

2.36 

aRPF ,  Resorcinol  phenol-formaldehyde;  MF,  Melamine-formaldehyde  . 

^Specimen  size,  2.2-cm-diam.  x  4.4-cm-long  cylinders;  average  value  of  three  specimens. 
cSpeclmen  size,  l . 25-cm-square  x  7.5-cm-long  beams;  average  value  of  three  specimens. 
d Average  value  of  two  specimens. 

Submerged  in  water  at  ~24°C  for  3  days- 
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consequence,  the  high  f^/^c  raC^°  f°r  may  he  due  to  the  strong 

bonding  produced  between  the  organic  polymer  matrix  and  the  inorganic 
aggregate  phase,  and  the  great  flexibility  of  RPF  polymer. 

The  shear  bond  strength  was  obtained  from  the  results  of  the  shear 
strength  at  the  interface  of  a  7.0-cm-diam  x  3.0-cm-thick  cement  mortar 
cylinder  and  an  ~3.0-cm  thickness  of  PM  which  was  cast  against  the 
smoothly  finished  surface  of  the  cement  mortar.  The  bond  strength  of 
MF-PM  was  50%  higher  [203  vs  105  psi  (1.4  MPa  vs  0.7  MPa)]  than  that  of 
RPF-PM.  If  these  PMs  are  cast  against  a  concrete  surface  having  a  rough 
texture,  it  is  estimated  that  the  bond  strength  will  be  about  twice  as 
great  as  that  with  a  smooth  surface. 

Water  absorptions  were  obtained  by  measuring  the  increase  in  weight 
after  immersion  in  water  for  3  days.  Both  formulations  indicated  water 
absorption  values  of  >2.0  wt%,  high  when  compared  with  <1.0  wt%  normally 
obtained  from  MMA  and  UP-PC  samples  containing  dry  aggregate.  The  high 
values  for  formaldehyde-type  PM  may  be  due  to  the  production  of  capillary 
pores  brought  about  by  the  active  molecular  movement  of  the  free  H2O 
yielded  as  a  by-product  in  the  condensation-type  polymerization  process. 

The  following  generalizations  were  drawn  from  the  results  described 
above : 

1)  RPF  combined  with  portland  cement  could  be  used  as  a  quick¬ 
setting  PM  binder  for  use  with  aggregate  having  a  water  content  up  to 
~9  wt%. 

2)  MF-PM  containing  wet  aggregate  and  cured  for  >13  hr  at  ~24°c, 
had  good  mechanical  properties.  However,  It  was  impossible  to  meet  the 
early  age  strength  requirements  needed  for  runway  repair  materials. 

b .  Kinetics  and  Reaction  Mechanisms 

The  energetic  condensation  reactions  occurring  between  the  RPF  resin 
and  the  cement  promoter  were  estimated  on  the  basis  of  measurements  of 
the  activation  energies  for  the  thermal  polymerization .  The  kinetic 
parameters  were  determined  by  using  DSC.  ^  Typical  DSC  thermograms 
obtained  during  the  polymerization  of  RPF  and  RPF-cement  mixtures  are 
illustrated  in  Figure  8.  The  area  under  the  curves  represents  the  total 
quantity  of  heat  liberated  upon  conversion  of  monomer  to  polymer  by  the 
thermal  condensation  polymerization. 

The  thermogram  for  RPF  resin  shows  an  exotherm  corresponding  to  an 
onset  temperature  of  polymerization  of  ~50°C  (determined  from  the  base¬ 
line),  with  a  peak  at  ~92°C.  The  thermogram  for  RPF  combined  with  10% 
cement  is  characterized  by  an  onset  of  polymerization  at  '■'30°C  and  a  peak 
at  ~68°C.  These  temperatures  are  ~24°C  lower  than  those  for  the  RPF 
resin.  Both  temperatures  decrease  with  an  increase  in  cement  content. 

The  curves  also  indicate  that  the  energy  (mcal/sec)  produced  during  the 
polymerization  of  RPF  increases  with  increasing  cement  content. 


ynw. 


Calculations  of  the  cure  rate  constant  k  for  the  polymerization 
reaction  were  made  using  Eq .  (1)  which  was  described  by  Borchardt  and 
Daniels , ^ 


(AV/n0)x_1  (dH/dt) 

k=  - -  ,  (1) 

(A-a)x 

where  A(mcal)  is  the  total  heat  of  polymerization  obtained  from  the  total 
area  under  the  DSC  curve,  a(racal)  is  the  area  of  departure  of  the  DSC 
curve,  V  is  the  volume,  n0  is  the  number  of  moles  of  monomer  polymerized, 
dH/dt  (mcal/sec)  is  the  rate  of  heat  absorption  which  is  plotted  directly 
as  a  function  of  temperature,  and  x  is  the  order  of  polymerization. 

Although  second-order  reactions  might  be  possible,  the  DSC  curves 
used  in  this  analysis  showed  only  first-order  reactions.  Therefore,  x  = 

1  and  Eq .  (1)  reduces  to  the  following  simple  form-^: 

k  =  dH/dt( A-a) . 

The  rate  constants  for  the  polymerization  of  RPF  resin  with  differ¬ 
ent  amounts  of  cement  catalyst  are  given  in  Table  10.  Comparing  the 
results  for  temperatures  of  70°  and  80°C,  the  calculations  indicate  that 
k  increases  with  cement  content.  This  is  probably  due  to  an  accelerative 
effect  produced  by  the  cement  as  a  result  of  an  increase  in  the  condensa¬ 
tion  of  active  phenolic  nuclei  in  the  initial  condensation  polymerization 
rate  for  RPF  resins. 

The  effect  of  the  cement  promoter  on  the  kinetics  of  the  thermal 
polymerization  of  RPF  was  evaluated  on  the  basis  of  activation  energies 
(Ea).  Values  for  Ea  were  calculated  from  the  slope  of  the  Arrhenius  plot 
of  the  logarithm  of  the  rate  constant  k  against  the  absolute  temperature, 
l/T.^  The  first-order  activation  energies  and  a  typical  Arrhenius  plot 
containing  all  of  the  available  data  are  given  in  Figure  9. 

The  activation  energy  for  the  thermal  polymerization  of  RPF  resin 
was  calculated  to  be  17.1  kcal/raole.  In  the  presence  of  2%  cement  the 
value  19.1  kcal/mole,  ~12%  higher  than  that  for  bulk  RPF  resin.  The 
highest  value  of  activation  energy  (21.7  kcal/mole)  was  obtained  when  a 
mixture  of  RPF  resin  with  10%  cement  was  polymerized. 

From  the  low  value  of  Ea,  it  appears  that  the  rate  of  the  condensa¬ 
tion  polymerization  of  bulk  RPF  resin  is  very  slow.  As  a  result,  the 
rate  of  thermal  generation  of  phenolic  nuclei  in  RPF  resin  is  extremely 
small.  Therefore,  the  addition  of  cement  to  the  RPF  appears  to  increase 
the  concentration  of  active  phenolic  nuclei  which  then  causes  the  rate  of 
polymerization  to  accelerate. 
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Table  10 

Cure  Rate  Constants  for  the  Thermal  Polymerization 
of  RPF  Resin  Combined  with  Cement  Promoter 


In  order  to  determine  which  of  the  chemical  constituents  of  cement 
affect  the  polymerization  of  RPF  resin,  the  catalytic  effects  of  CaO,  MgO, 
Al203>  SiC>2 ,  Fe203,  and  Ca(0H)2  were  evaluated  by  a  study  of  their 
thermograms.  The  relative  degree  of  cure  was  calculated  using  the 
following  equation, 

Q  =  JL_  xlOO , 

ri'p 

where  Hq-Cmcal/mg)  is  the  maximum  isothermal  heat  of  cure,  and  H(mcal/mg) 
is  the  cumulative  heat  generated  in  the  isothermal  heat  of  cure. 

The  reaction  rate  curves  were  integrated  in  order  to  obtain  curves 
which  depict  the  time  dependence  of  the  relative  degree  of  cure,  Q.^5  A 
comparison  between  the  integral  cure  curves  for  the  various  chemical 
constituents  of  portland  cement  in  an  amount  of  5  wt%  added  to  RPF  resin, 
is  presented  in  Figure  10.  As  is  evident  from  the  figure,  the  pronounced 
effects  on  the  curing  process  of  RPF  resin  containing  CaO,  MgO,  and 
Ca(0H)2»  which  produce  electropositive  bivalent  metal  ions  in  an  aqueous 
medium,  were  far  greater  than  those  from  AI2O3  and  Fe203  which  have  triva- 
lent  metallic  ions.  The  results  corresponded  to  those  reported  by  Fraser 
et  al.21  and  Pizzi.^6  Thus,  the  high  rate  of  the  condensation  reactions 
of  RPF  resin  in  the  presence  of  cement  is  due  to  the  active  calcium  and 
magnesium  metallic  cations.  It  is  also  obvious  that  CaO,  the  major  chemi¬ 
cal  constituent  of  portland  cement,  has  the  greatest  effect  on  the  curing 
process. 

On  the  basis  of  the  condensation  reaction  mechanisms  between  phenol 
and  formaldehyde  catalyzed  by  bivalent  metallic  cations,  as  described  by 
Fraser  et  al.,22  theoretical  work  was  performed  to  develop  a  hypothetical 
reaction  mechanism  for  the  orientation  effect  of  the  Ca2+  ions  released 
from  cement  pastes. 

It  is  well  known  that  the  phenol  must  be  a  hybrid  of  a  Kekule 
structure^  which  consists  of  the  phenol  and  phenoxide  ion,  as  illustrated 
below. 


PHENOL  PHENOXIDE  ION 


The  electronic  chemical  structure  of  phenoxide  ions  can  be 
represented  by  the  formation  of  three  resonant  structures  possessing  a 
negative  charge  at  the  ortho  or  para  position  in  the  structure  I-III.-^ 
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Figure  LO.  Integral  cure  curves  at  60°C  for  RPF  resin  combined  with 
5  wtS  of  various  chemical  constituents  of  cement 
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Resorcinol  (see  structure  IV  above),  which  has  two  OH  groups  in  the 
benzene  ring,  has  a  more  reactive  structure  than  phenol  which  has  one  OH 
group.  This  means  that  resorcinol  reacts  readily  in  a  condensation  reac¬ 
tion  with  electrophilic  formaldehyde  reagents. 


On  the  other  hand,  it  is  characteristic  of  the  formaldehyde  molecule 
structure  (see  structure  V)  that  the  oxygen  is  strongly  attracted  to  the 
more  electronegative  atom  in  the  carbonyl  group  (-00).  Thus,  formalde¬ 
hyde  carrying  both  the  electronegative  oxygen  and  the  electropositive 
carbon  in  its  molecule  acts  strongly  as  an  electrophilic  reagent. 


-s 


On  the  basis  of  the  structural  characteristics  of  each  molecule  in 
the  resorcinol  phenol-formaldehyde  resin,  the  catalytic  functions  of  Ca^+ 
ions  released  from  cement  pastes  on  the  condensation  reactions  of  RPF 
resin  may  be  illustrated  by  the  following  hypothetical  mechanisms: 


A. 


■  Ca  IOHJj 


OH 


OH 


0-H  _  a. 


OH  OH 


IX 

■+  H20  +  H  + 


OH 


6 


OH 

+.  ^0 

X 


In  the  first  process  A,  the  Ca^+  ions  released  from  the  cement  paste 
produce  a  protonation  with  the  electronegative  oxygen  atoms  of  the  form¬ 
aldehyde,  and  simultaneously  add  to  the  oxygen  in  nucleophilic  phenoxide 
ion  reagents  of  the  resonant  hybrid  of  the  phenol.  The  cross-linking  of 
Ca-+  ions  acting  to  connect  phenoxide  ions  and  formaldehyde  may  have  a 
specific  function  which  induces  both  the  negative  charge  in  the  ortho 
position  of  phenol  rings  and  the  positive  charge  of  the  carbon  atom  in 
formaldehyde  (see  structure  VI).  Furthermore,  the  intermolecular  bonding 
of  these  opposite  charges  forms  the  activated  Ca^+  chelate  complexed 
rings  as  shown  in  structure  VII.  The  activated  complex  then  undergoes  a 
hydrolytic  reaction  with  two  water  molecules  to  produce  hydroxymethyl 
phenol,  Ca(0H)2,  and  hydrogen  (H+)  ions  liberated  from  the  ortho  position 
in  the  phenolic  rings  (see  structure  VIII). 

In  process  B,  the  carbonyl  groups  formed  by  formaldehyde  in  the 
hydroxymethyl  phenol  structure  react  with  a  phenolic  ring  hydrogen  having 
a  proton  atom.  The  carbon  atom  of  the  carbonium  ion  thus  acquires  a 
positive  charge  to  form  dihydroxy  diphenylmethane  (structure  IX)  due  to 
the  condensation  with  another  phenol  molecule  at  the  ortho  or  para 
position.  The  condensation  reactions  of  methylol  phenols  with  themselves 
may  also  produce  dibenzol  ether  links,  as  shown  in  structure  X. 

On  the  other  hand,  resorcinol,  a  nucleophilic  reagent  which  is  far 
more  reactive  than  phenol,  easily  reacts  with  Ca^+  ions  and  formaldehyde 
in  a  condensation  reaction,  and  subsequently  causes  the  formation  of 
dihydroxymethyl  resorcinol.  This  reaction  is  assumed  to  occur  because  of 
a  process  similar  to  that  of  Che  phenol  as  described  above.  This 
mechanism  is  as  follows: 


As  demonstrated  in  the  results  described  above,  when  resorcinol  and 
phenol  are  treated  with  formaldehyde  in  the  presence  of  electropositive 
metallic  Ca‘-+  ions,  a  high-molecular-weight  polymer  is  obtained  in  which 
the  phenolic  rings  may  be  connected  by  bridge  formations  of  -CU2-  and 
-CH2-<1_CH2-  groups. 
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2.  FA-PM  Formulations 


a .  Property  Measurements 


In  order  to  determine  the  quantity  of  acidic  TCT  catalyst  required 
to  obtain  a  compressive  strength  >2000  psi  (>13.78  MPa)  within  1  hr  after 
mixing  FA  monomer  with  aggregate  containing  7.5  wt%  water,  FA-PM  speci¬ 
mens  combined  with  different  amounts  of  TCT  were  prepared  according  to 
the  mix  proportions  given  in  Table  11.  The  ratio  by  weight  of  FA  monomer 
to  ZnCl2  promoter  was  held  constant  at  10:6.  Compressive  strength 
results  at  ~24°C  are  summarized  in  Figure  11. 

The  data  Indicate  that  the  1-hr  strength  of  the  specimens  increases 
with  an  increase  in  the  amount  of  TCT  catalyst,  and  a  strength  >2000  psi 
(13.73  MPa)  is  obtained  by  the  addition  of  >1.0  wt%  catalyst.  Astrength 
of  3650  psi  (25.15  MPa)  was  obtained  when  3.0  wt%  catalyst  was  used. 

This  value  is  only  ~14%  greater  than  the  strength  obtained  by  the  addi¬ 
tion  of  1.5  wt%  TCT.  Thus,  1.5  wt%  is  considered  to  be  an  adequate 
amount  of  TCT  catalyst  for  use  with  FA-PM  at  a  temperature  of  ~24°C.  The 
gel  time  of  >7  min  for  this  formulation  also  appears  practical  for  field 
use . 


Investigations  to  determine  the  influence  of  the  water  content  on 
the  compressive  strength  were  also  conducted.  In  this  work,  samples 
having  a  water  content  [water  (W)/aggregate  (A)  +  water  (W)  ratio  by 
weight]  in  the  range  of  0  to  10  wtX  were  prepared  according  to  the  compo¬ 
sitions  given  in  Table  11.  The  TCT  catalyst  content  was  1.5%  by  weight 
of  FA  monomer. 

The  1-hr  compressive  strength  results  for  these  specimens  are  given 
in  Figure  12.  The  data  indicate  that  the  strength  decreases  with  increa¬ 
ses  in  water  content.  The  1  hr  compressive  strength  for  specimens  pre¬ 
pared  by  directly  adding  the  finely  powdered  ZnCl2  promoter  to  dry  aggre¬ 
gate  (0%  water  content)  was  determined  to  be  5200  psi  (35.83  MPa).  The 
strength  reduction  when  the  water  content  was  2.5  wt”  was  '-5.8%.  The 
3200  psi  strength  (22.05  MPa)  at  1  hr  for  specimens  containing  7.5  wt% 
water  corresponds  to  a  reduction  of  '■38.5%.  The  curve  also  suggests  that 
water  contents  up  to  ~8.5  wt%  will  yield  the  necessary  properties. 

On  the  basis  of  the  data  described  above,  two  compositions  (see 
Table  12)  were  chosen  for  use  in  compressive  strength  tests  after  casting 
at  temperatures  from  -20°  to  30°C.  These  data  are  listed  in  Table  13. 

The  data  indicate  that  the  strength  criteria  can  be  achieved  over 
the  entire  temperature  range  by  varying  the  TCT/ZnCl2  ratio.  When  the 
aggregate  water  content  is  7.5  wt%  and  the  temperature  >10°C,  the  requir¬ 
ed  strength  can  be  achieved  by  using  7.8  wt"  ZnC^*  Over  the  temperature 
range  2°  to  -20°C,  the  addition  of  10.3  wt%  ZnCl2  to  the  formulation  con¬ 
taining  7.5  wt%  water  is  required.  The  data  also  suggest  that  the  addi¬ 
tion  of  >8  wt%  TCT  by  weight  of  FA  monomer  has  no  effect  on  the  initial 
strength  of  specimens  containing  wet  aggregate  over  the  temperature  range 
-10°  to  -20°C. 
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Table  U 


Composition  of  FA-PM  Specimens 


FA  concentration, 
wt£ 

Aggregate, a 
wt% 

Dry  silica  flour'’ 
filler,  wt% 

ZnCl2  promoter, 
wt% 

Water,  % 
by  weight  of 
aggregate 

13.2 

63.2 

15.7 

7.9 

0-10 

aAggregate,  50  wt7. 
sand  (size,  0.149 

No. 

mm) 

16  sand  (size, 

1.19  tma)-25  wtZ  No.  30  sand 

(size,  0.595  am)-25 

wt%  No.  100 

'’Particle  size  <62 

L'tn- 

Figure  11.  Effect  of  TCT  catalyst  content  on  the  1-hr  compressive 
strength  at  24°C  of  FA-PM  containing  aggregate  with  a  water  content 
of  7.5  wt2 
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Table  12 


*** 

V 


FA-PM  Compositions 

FA  ZnCl2  TCT  catalyst,  Water,  wt% 

Specimen  monomer,  Aggregate,3  promoter.  Silica  flour  wt% ,  by  weight  by  weight  of 


wt  % 

wt% 

wt% 

filler,  wt% 

of  FA  monomer 

aggregate 

13.2 

63.2 

7.8 

15.8 

1.5  to  12 

2.5  to  7.5 

13.2 

61.2 

10.3 

15.3 

3  to  12 

2.5  to  7.5 

aAggregate,  50  wt“  No.  16  sand  (size,  1.19  mm)  -  25  wtX  No.  30  sand  (size,  0.595 
mm)  -  25  wt%  No.  100  sand  (size,  0.149  mm). 


Table  13 


Compressive  Strength  of  FA-PM  Specimens  as  a  Function  of  Age  for  the  Temperature 

Range  30°  to  -20°C 


Specimen 


Tempe rature , 
°C 


ambient  components 


TCT  ZnClj 

Water,  catalyst,  promoter, 
wtZ  wt%  wt% 


Compressive  strength, 
psia 

1  hr  5  hr  24  hr 


aMPa  »  psi  x  6.895  x  10-3, 


The  FA  monomer-TCT  catalyst-ZnCl2  promoter  compositions  used  in  the 
above  study  could  not  be  used  practically  at  temperatures  >10°C  with 
aggregate  containing  <2.5  wt%  water  because  of  the  very  short  gel  time  of 
<1  min.  Therefore,  the  addition  of  an  adequate  amount  of  water  to  the 
aggregate  is  necessary  to  establish  the  working  time  within  practical 
limits. 


Tests  to  measure  other  mechanical  and  physical  properties  of  the 
FA-PM  formulations  were  performed.  The  results  are  given  below. 


The  compressive  stress-strain  curves  at  a  curing  age  of  ~3  hr  for 
specimens  containing  dry  or  wet  aggregate  are  illustrated  in  Figure  13. 
Using  data  at  stress  levels  representing  50%  of  the  ultimate  strength, 
the  secant  modulus  (Ec)  of  FA-PM  containing  dry  aggregate  was  calculated 
to  be  3.38  x  10^  psi  (2.33  x  lCp  MPa).  The  Ec  of  wet  aggregate-filled 
samples  was  ~26%  lower. 


The  relative  ductility  of  the  two  systems  was  determined  by  compari¬ 
son  of  the  ultimate  strains.  For  the  wet  aggregate  the  strain  was  "-24  x 
10~3,  ~37%  higher  than  that  for  the  dry  aggregate  PM.  The  high  ductility 
of  the  PM  containing  wet  aggregate  may  be  due  to  viscoelastic  effects 
caused  by  physical  or  chemical  interactions  between  the  water  phase  sur¬ 
rounding  the  surface  of  the  aggregate  and  the  organic  FA  polymer  phase. 
The  reaction  products  were  not  identified. 


The  results  from  compressive,  flexure,  tensile,  shear  bond  strength, 
and  water  absorption  measurements  for  FA-PM  after  a  3-day  cure  in  air  at 
~24°C  are  summarized  in  Table  14.  The  compressive  strength  for  specimens 
containing  dry  aggregate  was  7600  psi  (52.36  MPa),  only  1.4  times  higher 
than  that  obtained  with  aggregate  having  a  7.5  wt%  water  content. 

Similar  trends  were  noted  in  the  results  from  the  other  strength  tests. 

The  water  absorption  of  dry  aggregate-filled  FA-PM  specimens  was 
somewhat  lower  (1.20  vs  1.85%)  than  for  specimens  containing  wet 
aggregate.  Both  values  were  relatively  high  compared  to  the  <1%  normally 
obtained  for  vinyl-type  PC  specimens.  This  is  believed  to  be  due  to  the 
free  H2O  produced  as  a  by-product  of  the  FA  polymerization  process.  The 
free  H2O  under  the  high  reaction  temperatures  may  then  produce  an  active 
molecular  movement  which  in  turn  produces  many  capillary  pores  in  the  PM. 


Flammability  tests  were  performed  according  to  ASTM  D635-68, 
Flammability  of  Self-Supporting  Plastics.  The  samples  were  12.7  cm  long 
x  1.27  cm  wide  and  0.6  cm  thick.  For  purposes  of  comparison,  vinyl-type 
'IMA  and  60%  St  -  40%  TMPTMA,  and  vinyl  ester-type  50%  UP  -  50%  St  PC 
composites  were  also  evaluated. 


As  summarized  in  Table  15,  the  FA-PM  did  not  support  combustion 
after  removal  of  the  flame  source.  This  is  probably  due  to  the 
three-dimensional  network  of  the  heterocyclic  furan  ring,  by-product  IfoO 
molecules  from  the  polymerization  process,  and  the  chlorine  portions  of 
the  TCT  and  ZnCl2  molecules,  which  act  as  flame  retardants. 
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COMPRESSIVE  STRESS,  PSi  (MP*) 


Figure  13.  Stress-strain  curves  for  FA-PM  containing  dry  and  wet 
aggregate  at  a  curing  age  of  '.3  hr 
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Table  14 


Mechanical  Properties  of  FA-PM  Containing  Dry  and  Wet  Aggregate 


(7.5%  water 

content)  After 

a  3-Day  Cure 

in  Air  at  24°C 

W/A+W, 

% 

Compressive3 
strength, 
psi  (MPa) 

Flexure'5 
strength, 
psi  (MPa) 

Tensile3 
strength, 
psi  (MPa) 

Shear  bond 
strength, 
psi  (MPa) 

Waterc 

absorption, 

% 

0 

7600  (52.36) 

1680  (11.58) 

962  (6.63) 

220  (1.52) 

1.20 

7.5 

5410  (37.28) 

1452  (10.00) 

769  (5.30) 

185  (1.28) 

1.85 

aSpecimens,  2.3-cm-diam  x  4.4-cm-long  cylinders. 
‘’Specimens,  l .25-cm-square  x  7.5-cm-long  beams. 
cImmersed  in  water  for  7  days  at  24°C. 

Average  values  of  three  specimens. 
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Table  15 

Relative  Flammability  of  PM  Composites 


Polymer 


Polymer _  cone.,  wt% _ Remarks3 


furfuryl  alcohol 

13.2 

Nonburning  by  this 

test , 

two  30-sec  ignitions 

methyl  methacrylate 

11.0 

Se lf-extinguishing 

flame ; 

travels  '-2.0 

era 

in  1 .0 

min 

60%  styrene-40%  TMPTMA 

12.1 

Se 1 f-ext ingui shing 

flame ; 

travels  '-2.4 

cm 

in  1.5 

min 

50%  polyester-50%  styrene 

13.0 

Se lf-extinguishing 

flame ; 

travels  '3.0 

cm 

in  2.0 

min 

3The  extent  of  burning  is 

equal  to 

the  average  of  ten  specimens 

• 
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The  other  PCs  were  either  self-extinguishing  or  did  not  burn  at 
all.  This  may  be  due  to  the  aggregate  which  acts  as  a  heat  sink. 
However,  disintegration  occurred  at  the  point  of  application  when  the 
flame  was  sustained  for  30  sec.  A  portion  of  the  polymer  pyrolyzed,  and 
the  remainder  which  consisted  primarily  of  aggregate  dropped  off  the 
specimen.  After  removal  of  the  burner  flame,  deformation  was  noted  to 
the  extent  of  burning. 

b.  Kinetic  Studies 


The  kinetics  of  polymerization  of  the  FA-PM  system  were  also 
studied.  This  study  has  been  published^  and  the  results  are  summarized 
below. 


Since  water  has  a  relatively  high  thermal  conductivity  (~6.00  cal  g 
hr-^  cm“l  its  presence  in  uncured  FA-PM  specimens  may  restrain  the 

initial  polymerization  rate.  This  is  due  to  the  ready  absorption  by 
water  of  energy  produced  in  the  polymerization  process  of  FA-PM.  It 
appears  that  the  restrictive  action  of  the  free  water  increases  with  an 
increase  in  the  amount  of  water  used.  Therefore,  approximate  estimates 
for  the  quantity  of  the  heat  of  polymerization  absorbed  by  the  free  water 
were  made  by  use  of  a  DSC  technique  which  appears  to  be  the  most  effec¬ 
tive  method  for  obtaining  quantitative  information  on  the  curing  process 
of  thermosetting  resins. 


The  effect  of  2.5  and  5.0  wt%  water  contents  on  the  kinetics  of 
thermal  polymerization  of  FA-PM  was  evaluated  from  the  values  of  the 
activation  energies,  Ea,  for  the  polymerization.  The  amount  of  TCT  cata¬ 
lyst  used  was  1.5  wt%  by  weight  of  FA  monomer.  Typical  DSC  thermograms 
obtained  during  these  experiments  are  illustrated  In  Figure  14.  The  area 
under  the  exothermic  peaks  represents  the  total  quantity  of  heat 
liberated  during  the  polymerization  reaction.  The  results  for  specimens 
having  a  5  wt"  water  content  show  an  exotherm  corresponding  to  an  onset 
temperature  of  ~32°C.  The  peak  exotherm  energy  of  ~4 . 5  mcal/sec  occurred 
at  43°C. 


The  thermogram  for  samples  containing  2.5  wt%  water  indicates  an 
onset  of  polymerization  at  ~17°C,  the  exothermal  kinetic  energy  peak  at 
'-28°C,  and  a  peak  of  ~5.8  mcal/sec.  The  energy  produced  during  the 
polymerization  of  samples  containing  2.5  wt%  water  was  ~27%  greater  than 
that  when  the  water  content  was  5.0  wt%.  This  seems  to  demonstrate  that 
the  polymerization  rate  of  FA-PM  is  dependent  on  the  amount  of  water  in 
the  aggregate. 

On  the  basis  of  the  areas  of  the  exothermic  peaks  as  determined  from 
the  baseline,  a  cure  rate  constant  was  calculated.  The  values  of  the 
activation  energies  (Ea)  were  calculated  from  the  slope  of  the  straight 
line  of  the  Arrhenius  plot  of  the  logarithm  of  the  rate  of  polymerization 
(k)  against  the  absolute  temperature,  1/T.  The  first-order  activation 
energies  and  a  typical  Arrhenius  plot  containing  all  of  the  available 
data  are  given  in  Figure  15. 
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Ea  for  the  thermal  polymerization  of  FA-PM  in  the  presence  of  5.0 
w cZ  water  was  calculated  to  be  52.8  kcal/mole.  The  value  of  Ea  (73.1 
kcal/mole)  obtained  for  samples  having  a  water  content  of  2.5  wtZ  was 
20.3  kcal/mole  higher.  This  means  that  the  added  presence  of  1  wt %  water 
caused  an  ~8.0  kcal/mole  change  in  the  total  polymerization  energy  relea¬ 
sed  during  the  thermal  reaction.  It  is  evident  from  these  data  that  the 
presence  of  free  water  acts  as  an  inhibitor  in  the  FA-TCT-ZnCl2  polymeri¬ 
zation  system.  Therefore,  the  addition  of  a  relatively  large  amount  of  a 
water-soluble-type  catalyst  and  promoter  to  the  FA-PM  system  is  required 
for  a  rapid  and  complete  condensation-type  polymerization  reaction  to 
occur. 


3 .  Calcium-UP  Complexed  PM  Formulations 


a .  Property  Measurements 

The  effect  of  the  Inclusion  of  Type  III  portland  cement  fillers  on 
the  compressive  strength  of  UP-PM  was  evaluated  from  the  results  of  the 
1-hr  strength  at  ~24°C.  The  PM  specimens  contained  aggregate  with  a 
water  content  [ water/aggregate+water  (W/A+W)]  of  7.5  wt%  and  were  pre¬ 
pared  according  to  the  compositions  given  in  Table  16.  The  data  shown  in 
Figure  16  indicate  that  the  strength  of  the  specimens  increases  with  an 
increase  in  the  amount  of  reactive  cement  filler.  The  1-hr  strength  of  a 
10  wt?  cement-filled  PM  [2665  psi  (18.36  MPa)]  was  slightly  lower  than 
the  2720  psi  (18.74  MPa)  of  the  sample  containing  16  wt”’'  cement.  This 
means  that  values  close  to  the  maximum  strength  for  PM  specimens 
containing  aggregate  with  water  contents  ~7.5  wt?  can  be  obtained  by  the 
addition  of  10  wt%  cement. 

The  effect  of  the  water  content  on  the  initial  compressive  strength 
was  also  investigated.  Specimens  containing  aggregate  with  water 
contents  ranging  from  0  to  10  wtZ  were  prepared;  the  PM  formulation 
consisted  of  20  wt"  UP-St  monomer  -  70  wt%  aggregate  -  10  wt%  Type  III 
Portland  cement  (Series  No.  3  in  Table  16).  For  purposes  of  comparison, 
samples  containing  a  dry  silica  flour  filler  having  a  particle  size  <62 
vm  were  also  tested. 

The  1-hr  compressive  strength  results  at  24°C  for  UP-PM  specimens 
are  presented  in  Figure  17.  As  illustrated  the  curve  for  the 
cement-filled  PM  specimens  indicates  that  the  strength  gradually 
decreases  as  the  water  content  of  the  aggregate  is  increased.  A  maximum 
strength  of  6800  psi  (46.85  MPa)  was  obtained  for  specimens  containing 
dry  aggregate.  Specimens  containing  10  wt"  water  had  a  strength  of  1900 
psi  (13.09  MPa).  The  curve  suggests  that  the  program  goal  strength  of 
>2000  psi  (>13.73  MPa)  at  an  age  of  1  hr  can  be  obtained  if  the  water 
content  is  '^9.0  wt?. 
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Table  16 


UP-St  PM  Compositions 


Specimen 

No. 

UP-St 
monomer  ,a 

Aggregate  ,b 

Type  III  Portland  cement  or 
silica  flour  filler,  wt% 

Water,  wtZ  by 
weight  of  aggregate 

1 

20 

77 

3 

0  to  10 

2 

20 

74 

6 

•• 

3 

20 

70 

10 

•• 

4 

20 

64 

16 

•• 

aMonomer;  50  wt%  UP  -  50  wt%  St,  polymerized  by  adding  2  wt%  methyl  ethyl  ketone 
peroxide  catalyst  -  2  wt %  cobalt  naphthanate  promoter  -  0.5  wtZ  dimethyl  aniline 
promoter. 


b50  wt".  No.  16  sand  (size,  1.19  mm)  -  25  wt%  No.  30  sand  (size,  0.595  mm)  -  25  wtZ 
Mo.  100  sand  (size,  0.149  mm). 
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Figure  16.  The  effect  of  reactive  cement  filler  on  the  1  hr 
compressive  strength  at  24°C  of  UP-PM  containing  aggregate  with 
a  water  content  of  7.5  wt% 


Figure  17.  Compressive  strength  vs  water  content  of  aggregate 
for  cement  and  silica  flour-filled  UP-PM  at  a  curing  age  of  1 
hr  at  24°C 


It  is  apparent  from  Figure  17  that  the  compressive  strength  of 
specimens  containing  silica  flour  decreases  more  rapidly  with  increased 
water  content  than  cement-filled  PMs .  The  initial  strength  of  silica 
flour-filled  PM  containing  dry  aggregate  was  almost  equivalent  [6500  psi 
(44.79  MPa)  vs  6800  psi  (46.85  MPa)]  to  that  of  cement-filled  PM. 

However,  the  strength  was  reduced  by  ~70%  when  the  water  content  was 
increased  to  2.5  wt%.  In  contrast,  the  strength  reduction  of  cement- 
filled  PM  with  a  similar  water  content  was  ~40%.  The  1-hr  strengths  of 
flour-filled  samples  containing  >5  wt%  water  were  too  low  to  be  measured. 

On  the  basis  of  these  initial  results,  three  compositions  (see  Table 
17)  were  selected  for  continued  evaluation  over  the  temperature  range  2° 
to  30°C. 

As  shown  in  Table  17,  in  order  to  prepare  a  UP-PM  slurry  of  uniform 
consistency,  the  UP-St  monomer  loading  was  decreased  as  the  water  content 
of  the  aggregate  was  increased.  The  UP-St  monomer  to  reactive  cement 
filler  ratio  was  held  constant  at  2:1  by  weight. 

The  compressive  strength  results  for  these  formulations  at  1,  5,  and 
24  hr  after  mixing  are  summarized  in  Table  18.  The  data  indicate  results 
similar  to  those  from  RPF-PM  specimens.  The  specimens  containing  wet 
aggregate  had  high  initial  strengths  at  ambient  temperatures  >20°C,  but 
extremely  low  strengths  at  temperatures  <10°C. 

It  appears  from  the  results  that  the  optimum  catalyst-promoter 
system  for  use  with  UP-PM  is  2  wt%  MEKP,  2  wt%  CoN,  and  2  wt%  DMA.  The 
addition  of  4  wt%  MEKP  catalyst  results  in  decreased  strength. 

Additional  mechanical  property  tests  on  UP-PM  formulations 
consisting  of  20  wt%  UP-St  monomer,  70  wt%  aggregate  with  a  water  content 
of  7.5  wt%,  and  10  wt%  Type  III  portland  cement  were  performed  after  3 
days'  curing  in  air  at  24°C.  These  results  are  summarized  in  Table  19. 
The  resulting  values  were  6150  psi  (42.37  MPa)  compressive  strength,  1672 
psi  (11.52  MPa)  flexure  strength,  906  psi  (6.24  MPa)  tensile  strength, 

205  psi  (1.41  MPa)  shear  bond  strength,  1.16%  water  absorption,  and 
6.93x10^  psi  (4.77  x  10^  MPa)  modulus  of  elasticity. 

Flammability  tests  in  accordance  with  ASTM  D635-68  were  also 
conducted.  In  these  studies,  specimens  containing  aggregate  with  water 
contents  ranging  from  0  to  7.5  wt%  were  prepared.  The  formulation 
consisted  of  20  wt%  UP-St  monomer,  70  wt%  aggregate,  and  10  wt%  cement. 
Results  of  the  relative  flammability  characteristics  are  summarized  in 
Table  20. 


With  all  of  these  PMs,  disintegration  occurred  at  the  point  of  flame 
application  after  the  burner  flame  was  sustained  for  30  sec.  A  portion 
of  the  polymer  pyrolyzed,  and  the  remainder  melted  and  dropped  off  the 
test  specimen  along  with  the  aggregate.  After  removal  of  the  flame,  the 
deformation  was  noted  as  the  extent  of  burning. 
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Table  17 

Ca-UP  Complexed  PM  Compositions 


Type  III  CoN  pro-  DMA  pro- 

portland  MEKP  catalyst,  raoter,  wt%  moter,  wt% 


Specimen 

No. 

UP-St 
monomer , 
vt% 

Aggregate  ,a 
wt% 

cement 
filler, 
w  tZ 

wt%,  by  weight 
of  UP-St 

monomer 

by  weight 
of  UP-St 

monomer 

by  weight 
of  UP-St 

monomer 

Water,  wt% 
weight  of 
aggregate 

F 

20.0 

70.0 

10.0 

2  to  4 

2 

l  to  2 

7.5 

G 

24.3 

63.5 

12.2 

2  to  4 

2 

1  to  2 

5.0 

H 

26.3 

60.5 

13.2 

2  to  4 

2 

l  to  2 

2.5 

Aggregate 

,  50  wt% 

No.  16  sand 

(size,  1.19 

mm)  -  25  wtX  No 

.  30  sand 

(size,  0.595 

ram)  — 

25  wt%  No.  100  sand  (size,  0.149  mm). 


Table  18 


Compressive  Strength  of  Ca-UP  PM  as  a  Function  of  Age  for  the 
Temperature  Range  30°  to  2°C 


Temperature, 
Specimen  °C 

Mo.  ambient  components 


MEKP 

Water,  catalyst, 
w t%  wt? 


CoN 

promoter, 

wt% 


DMA 

promoter, 

wt% 


Compressive  strength. 


Table  19 


Mechanical  properties  of  Ca-UP  PM  Containing  Wet  Aggregate 
(7.5%  Water  Content)  After  3  Days'  Curing  in  Air  at  24°C 


Compressive3 

Flexure'5 

Tensile3 

Shear  bond 

Waterc 

Modulus  of*' 

strength. 

strength, 

strength. 

strength, 

absorption. 

elasticity. 

psi  (MPa) 

psi  (MPa) 

psi  (MPa) 

psi  (MPa) 

% 

psi  (MPa) 

6150 

1672 

906 

205 

1.16 

6.93x10^ 

(42.37) 

(11-52) 

(6.24) 

(1.41) 

(4.77xl03) 

Specimens,  2.2-cm-diam  x  4.4-cm-long  cylinders. 
^Specimens,  1.25-cm-square  x  7.5-cm-long  beams. 
cImmersed  in  water  for  7  days  at  24°C. 
^Specimens,  3.4-cm-dlam  x  6.8-cm-long  cylinders. 
Average  values  of  three  specimens. 


Table  20 

Determination  of  the  Relative  Flammability  of  Ca-UP  PM 
Containing  Dry  and  Wet  Aggregate 

Water  content 

of  aggregate,  wt% _ Remarks3 _ 

0  Self-extinguishing  flame;  travels  ~3.0  cm  in  2.0  min 

2.5  Self-extinguishing  flame;  travels  ~ 1 . 1 9  cm  in  1.48  min 

5.0  Self-extinguishing  flame;  travels~1.2  cm  in  1.36  min 

7.5  Self-extinguishing  flame;  travels  ~0.8  cm  in  1.25  rain 

aThe  extent  of  burning  is  equal  to  the  average  of  three  specimens. 


The  specimens  containing  dry  aggregate  burned  continuously  for  ~2.0 
min  after  removal  of  the  flame  at  the  end  of  30  sec.  However,  the  speci¬ 
mens  did  not  burn  to  the  10.2-cm  mark  which  was  judged  to  be  "burning  by 
this  test"  after  the  first  ignition.  Thus,  it  was  judged  to  be  "self¬ 
extinguishing  by  this  test."  This  self-extinguishing  phenomenon  may  be 
due  to  the  aggregate  which  acts  as  a  heat  sink,  and  the  heat  resulting 
from  combustion  not  being  sufficient  to  sustain  pyrolysis. 

The  data  indicate  that  the  burning  times  and  the  extent  of  burning 
for  PM  specimens  decrease  with  an  increase  in  the  water  content  of  the 
aggregate.  The  extent  of  burning  of  the  Ca-UP  complexed  PM  with  a  water 
content  of  7.5  wt%  was  measured  to  be  only  ~0.8  cm,  compared  to  ~3.0  cm 
for  the  specimen  containing  dry  aggregate.  It  is  apparent  from  the 
results  that  the  chemically  coordinated  H2O  molecules  and  Ca^+  ions 
formed  in  Ca-UP  complexed  PM  have  a  great  effect  as  a  flame  retarder. 

b.  Spectroscopic  Studies 


In  order  to  determine  why  Portland  cement  paste  acts  to  restrain 
strength  regression  in  UP-PM  specimens,  an  IR  spectroscopy  analysis  was 
performed.  Spectra  from  three  pellets  of  bulk  UP-St  polymer  and  UP-St  PM 
samples  consisting  of  42  wt%  UP-St  polymer,  16  wt%  water,  and  42  wt%  Type 
III  cement  or  silica  flour  are  given  in  Figure  18. 

The  IR  spectrum  for  bulk  polymer  samples  (Sample  No.  a)  is 
characterized  by  absorption  bands  which  indicate  a  stretching  and  scissor 
vibration  of  CH2  groups  at  2940  and  1450  cm-1,  a  stretching  vibration  of 
C=0  groups  at  1710  cm-1,  a  skeletal  n-plane  vibration  of  the  benzene  ring 
at  1600  and  1490  cm-*,  an  asymmetric  and  symmetric  vibration  of  esters  at 
1260  and  1130  cm-*,  and  a  C=C  stretching  vibration  of  phenyl  at  750  and 
700  cm-*.  The  spectrum  of  UP-St  polymer  containing  silica  flour  paste 
(Sample  No.  b)  shows  three  new  bands  appearing  at  3370,  1630,  and  1080 
cm-*.  The  band  at  3370  cm-*  is  a  stretching  vibration  of  OH  groups  from 
the  water  existing  in  the  samples.  The  small  bands  at  1630  cm-*  seem  to 
indicate  that  some  carboxylic  esters  of  UP  molecules  are  converted  into 

carboxylate  anion  (C:^  Y9  )groups  brought  about  by  hydrolytic 

^Oj 

reactions.  Si-0  groups  of  the  silica  flour  filler  are  represented  by  the 
prominent  band  at  1080  cm-*. 

The  spectrum  for  cement  paste-filled  UP-St  polymer  (Sample  No.  c) 
reveals  two  prominent  new  bands  at  1530  and  1400  cm-*.  These  bands 
represent  asymmetric  and  symmetric  stretching  vibrations  of  the  -C00-(Ca) 
groups,  and  are  probably  due  to  ionic  bonding  occurring  between  the  Ca~+ 
ions  produced  from  cement  paste  and  the  carboxylate  anions  (-C00-) 
produced  from  esters.  These  spectra  do  not  exhibit  the  typical  band  at 
1630  cm-*  which  represents  carboxylate  anions  produced  by  the  hydrolysis 
of  esters.  The  relatively  wide  band  indicating  OH  groups  at  3370  cm-* 
may  be  due  to  neutral  H2O  molecules  coordinated  to  Ca^+  ions  formed  in 
the  Ca-UP  complexes,  and  free  water  existing  in  the  samples. 


In  a  published  paper-0  it  was  mentioned  that  the  calcium  cation  in  a 
salt  bridge  of  the  type  -COO-  ....  Ca^+  ....  “00C-  will  complex  up  to  6 
molecules  of  H2O  in  the  form  of  an  octahedral  structure.  The  strong  band 
at  910  cm-^  is  due  to  the  Type  III  Portland  cement  used  as  a  reactive 
filler  material. 


The  interaction  processes  of  Ca-UP  complexed  products  in  UP-St  PM 
consisting  of  42  utZ  UP-St  monomer,  16  wt%  water,  and  42  wt%  cement  or 
silica  flour  fillers,  but  without  the  addition  of  catalysts  and  promo¬ 
ters,  were  investigated.  Evaluation  was  performed  on  the  basis  of  the 
change  in  IR  bands  occurring  in  the  frequency  range  of  1800  to  1300  cm-^ 
at  various  times  after  mixing  at  room  temperature.  Results  are  illustra¬ 
ted  in  Figure  19.  As  shown  in  the  figure,  it  is  obvious  from  the  pre¬ 
sence  of  the  typical  carboxylate  anion  (-C00-)  band  at  1630  cm-^  that  the 
hydrolytic  reaction  of  UP  monomer  occurs  within  10  min  after  mixing  of 
the  cement  and  silica  flour  paste  with  UP-St  monomer. 


For  the  cement  paste-filled  monomer  samples,  the  spectrum  at  5  hr  is 
characterized  by  the  appearance  of  a  new  shoulder  band  at  ~1560  cra-^. 

The  shoulder  band  seems  to  demonstrate  the  beginning  of  the  formation  of 
ionic  bonds  between  the  -COO-  anions  and  the  Ca-+  ions  ~5  hr  after 
mixing.  The  spectrum  at  10  hr  Indicates  that  the  carboxylate  anion 
(-COO-)  band  at  1630  cm”^  tends  to  shorten  with  a  growth  of  the  -C00- 
(Ca)  band  at  1560  cm-^.  Furthermore,  it  appears  from  the  presence  of  a 
prominent  band  at  1560  cm"'-  and  the  disappearance  of  the  -C00-  band  at 
1630  cm-1,  as  indicated  in  the  3-day  spectrum,  that  the  number  of  Ca^+ 
ion  complexed  bridges  of  the  type  -C00-  ....  Ca2+  ....  -00C-  increases 
with  time  at  room  temperature.  This  means  that  all  carboxylate  anions 
(-C00-)  produced  by  the  hydrolysis  of  esters  existing  in  the  main  chains 
of  UP  monomer  are  converted  into  -C00-(Ca)  groups  consisting  of  ionic 
bonds  formed  by  the  attack  of  the  nucleophilic  Ca“+  ions  released  from 
cement  paste. 


On  the  other  hand,  the  spectrum  at  3  days  for  silica  flour  paste- 
filled  UP-St  monomer  samples  exhibits  bands  similar  to  those  obtained  at 
10  min  and  10  hr  after  mixing.  Thus,  it  is  clear  from  the  presence  of 
the  typical  carboxylate  anion  band  at  1630  cm-^ ,  due  to  the  hydrolytic 
reactions  of  esters,  that  the  addition  of  silica  flour  paste  cannot 
prevent  the  scission  of  UP  molecules  brought  about  by  the  hydrolysis  of 
esters. 


From  the  IR  analysis  results  of  cement  paste-filled  UP-St  monomers 
described  above,  the  following  interaction  mechanisms  may  be 
hypothetically  illustrated  as  the  formation  process  of  Ca-UP  complexed 
ionoraer.  These  are  shown  in  Figure  20. 


In  the  first  stage  A,  the  strongly  nucleophilic  Ca^+  ions  are 
released  rapidly  from  the  surface  of  the  cement  grains  during  mixture  of 
cement  filler,  water,  and  UP-St  monomer.  The  carboxylic  esters  existing 
in  the  main  chains  of  UP  molecules  are  easily  converted  into  carboxylate 
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ions  (-C00")  brought  about  by  a  hydrolytic  reaction.  Ethylene  glycol 
(C?H4  (0H)2)]  is  simultaneously  produced  as  a  by-product  (see  stage  B) . 
Ca“+  ions  produced  in  an  aqueous  medium,  complex  up  to  6  molecules  of 
water  in  the  form  of  an  octahedral  structure.  The  neutral  H2O  molecules 
coordinated  to  Ca^+  ions  are  stable  enough  to  remove  water  vapor  from 
ordinary  air  at  ambient  temperature. 

For  the  final  stage  C,  the  Ca-UP  complex  consisting  of  the  Ca^+  salt 
bridge  structure  is  consequentially  synthesized  by  the  formation  of  an 
ionic  bond  between  the  Ca^+  ions  having  6  coordinated  H2O  ligands  and  the 
carboxylate  anions  (-C00-)  from  the  ester.  The  chemical  effect  of  Ca~+ 
bivalent  metallic  ions  may  be  presumed  to  be  intermolecular  cross- 
linking,  acting  to  connect  two  -COO-  groups  formed  in  the  main  chains  of 
UP  molecules.  It  is  further  assumed  that  the  Ca-UP  complex  contributes 
to  the  prevention  of  the  scission  of  the  molecular  chains  caused  by  the 
hydrolysis  of  esters. 

D.  Cost  Analysis  of  PM  Formulations 


The  cost  of  the  materials  in  each  of  the  PM  compositions  was  calcu¬ 
lated  and  the  results  are  shown  in  Table  21.  The  PM  density  is  ~2350 
kg/m^.  The  cost  of  the  solvent  which  is  required  to  clean  up  the  mixers 
and  tools  is  not  included  in  this  table.  Unless  the  binders  have  thick¬ 
ened  considerably  because  of  partial  curing,  methanol  and  trichloroethane 
can  be  used  to  clean  tools  used  with  the  RPF  and  Ca-UP  coraplexed  PM, 
respectively.  Water  may  be  used  as  a  solvent  for  the  FA-PM  system. 


The  estimate  indicates  that  as  of  January  1981,  the  cost  of  RPF-PM 
was  ~S1206/m^.  The  costs  of  Ca-UP  complexed  PM  and  FA-PM  were  calculated 
to  be  603  and  $688/m\  respectively.  The  cost  of  the  FA-PM  is  only  ~14% 
higher  than  that  of  Ca-UP  coraplexed  PM.  However,  if  the  amount  of 
trichloroethane  required  for  use  as  a  solvent  is  added  to  the  material 
cost  of  Ca-UP  coraplexed  PM,  the  total  cost  is  almost  equal  to  that  of 
FA-PM  where  water  can  be  used  as  a  solvent. 


Conclusions 


The  mechanical  and  physical  properties  of  the  RPF,  FA,  and  Ca-UP 
coraplexed  PM  are  compared  in  Table  22.  MF-PM  is  not  included  since  its 
compressive  strength  at  1  hr  was  below  the  design  criteria.  From  these 
results  and  the  cost  estimates  described  above,  RPF-PM  has  inferior 
characteristics  when  compared  to  those  of  FA  and  Ca-UP  complexed  PM. 
Therefore,  the  following  two  binder  formulations  were  selected  for 
further  development  of  polymer  concrete  (PC)  containing  wet  coarse 
aggregate: 

1)  FA  monomer-TCT  catalyst-ZnCl2  promoter 

2)  50%  UP  -  50%  St  raonomer-MEKP  catalyst-CoN-DMA  proraoter-Type  III 
Portland  cement  reactive  filler. 
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Table  21 

Polymer  Mortar  Material  Costs 

Quantity, 

Unit  cost, 

Cost , 

Material 

kg  /m3 

S/kg 

S/m3 

RPF-PM 

PM  formulation:  26.4  wt%  RPF  monomer  6.6  wt%  (S-10) 

catalyst-46.4  wt% 

wet 

sand-20.6  wt%  Type 

:  Ill  portland  cement 

filler 

Density: 

~2350  kg/m3 

Sand 

1090.4 

0.015 

16.36 

RPF 

620.4 

1.498 

929.36 

S-10 

155.1 

1.542 

239.16 

Cement 

484.1 

0.044 

21.30 

Total  $/m3 

1206.18 

S/yd3 

922.23 

FA-PM 

PM  formulation:  13.2  wt’/>  FA  monomer-63.2  wt%  wet  sand-7.8  wtZ  ZnClp 

promoter-15.7  wt 

"  silica  flour  filler 

Density: 

~2330  kg/m3 

Sand 

1501.7 

0.015 

22.53 

FA 

310.2 

1.322 

410.08 

ZllCl2 

183.3 

0.991 

181.65 

TCTa 

6.2 

5.397 

33.46 

Silica  flour 

369.0 

0.110 

40.59 

Total  S/m3 

688.31 

S/yd3 

526.27 

Ca-UP 

Complexed  PM 

PM  formulation:  20  wt%  UP- 

St  monoraer-70  wt%  wet 

sand-10  wt” 

Type  III  port 

land  cement  filler 

Density: 

--2350  kg/ra3 

Sand 

1645 

0.015 

24.68 

UP-St 

470 

1.045 

491.15 

MEKPb 

9.4 

2.313 

21.74 

CoNc 

9.4 

3.106 

29.20 

DMAd 

9.4 

2.775 

26.09 

Cement 

235 

0.044 

10.34 

Total  $/m3 

603.20 

S/yd3 

461.20 

aTCT  catalyst: 

2.0  wt”  by  weight 

of  FA  monomer. 

^MF-KP  catalyst: 

2.0  wt%  by  weight 

of  UP-St  monomer. 

cCoN’  promoter: 

2.0  w t %  " 

**  "  ••  ’• 

dDMA  promoter: 

2.0  wt" 
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Table  22 


Mechanical  and  Physical  Properties  of  RPF,  FA,  and  Ca-UP  Complexed  PM 
in  the  Presence  of  7.5  to  8.0%  Water 


Polymer  Mortar 

Property _ RPF _ FA _ Ca~UP  Complex 


1-hr  compressive  strength3  at  20°C,  psi 

2012 

3718 

1824 

1-hr  compressive  strength3  at  -20°C,  psi 

— g 

2742 

— g 

3-day  flexure  strength®  at  24°C,  psi 

1153 

1452 

1672 

3-day  tensile  strength3  at  24°C,  psi 

476 

769 

906 

3-day  modulus  of  elasticltyc  at  24°C,  (10^  psi) 

1.21 

2.50h 

6.93 

3-day  shear  bond  strength'*  at  24°C,  psi 

105 

185 

205 

Water  absorption, e  wt% 

2.64 

1.85 

1.16 

Relative  flammability^, 

nonburning 

nonburning 

self¬ 

extinguishing 

flame 

3Specimens,  2,2-cm-diam  x  4.4-cm-long  cylinders. 
bSpecimens,  1 . 25-cm-square  x  7.5-cm-long  beams. 
cSpecimens,  3.4-cm-diam  x  6.8-cm-long  cylinders. 

dShear  strength  at  the  interface  of  a  7 .0-cm-diam 

x  3.0-cm-thick  cement  mortar 

cylinder  and  an  ~3.0-cra  thickness  of  PM  which  was 
surface  of  the  cement  mortar. 

cast  against 

the  smooth- 

-finished 

eImmersed  in  water  for  7  days  at  24°C. 

f ASTM  D635-68,  '‘Flammability  of  Self-Supporting  Plastics." 

SToo  low  to  be  measured. 

^Modulus  at  a  curing  age  of  ~3  hr. 
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III. 


POLYMER  CONCRETE  FORMULATIONS 


Practical  field  use  as  a  rapid  repair  material  will  require  the 
inclusion  of  large-size  aggregate  in  the  mixture  of  monomer  and  fillers. 
Therefore,  on  the  basis  of  the  studies  described  in  Section  II,  work  was 
performed  to  modify  the  PM  formulations  in  order  to  produce  a  polymer 
concrete  (PC).  In  this  work  the  formulations  consisted  of  monomer, 
coarse  aggregate  (size,  9.5  to  2.38  mm),  fine  aggregate  (size  1.19  to 
0.149  mm),  a  filler  (size  <62  ym) ,  and  water. 

Initially,  experiments  were  performed  to  determine  the  proper  pro¬ 
portion  of  coarse  and  fine  aggregates  that  would  yield  a  PC  with  high 
bulk  density.  In  these  tests,  the  water  content  was  based  on 
the  assumption  that  the  aggregate  would  be  stored  unprotected  in  an  area 
where  frequent  rain  occurs.  After  these  tests  were  completed,  measure¬ 
ments  of  the  gel  time  (working  time)  and  the  1-hr  compressive  strength  of 
the  PC  specimens  were  performed  over  the  temperature  range  -20°  to  30°C. 
On  the  basis  of  these  data,  the  optimum  FA  and  Ca-UP  complexed  PC  formu¬ 
lations  were  determined.  In  addition,  other  mechanical,  physical,  and 
durability  properties  were  measured  at  24°C. 

A.  Aggregate  Proportions 

U.S.  sieve  analysis  data  for  the  coarse  and  fine  aggregates  used  in 
this  study  are  given  in  Table  23.  The  coarse  aggregate  (C.A.)  was 
composed  of  limestone,  and  a  silica  sand  with  a  silicate  content  >98%  was 
used  as  the  fine  aggregate  (F.A.). 

The  optimum  F.A./C.A.  ratio  was  determined  in  accordance  with  ASTM 
C29-69  "Unit  weight  of  Aggregate."  Results  are  illustrated  in  Figure 
21.  The  curve  indicates  that  an  aggregate  mixture  consisting  of  40  parts 
F.A.  to  60  parts  C.A.  by  weight  has  the  greatest  unit  weight  and  there¬ 
fore  the  highest  density.  It  was  assumed  that  PC  specimens  containing 
this  aggregate  mixture  would  have  the  best  mechanical  properties.  There¬ 
fore,  this  was  used  in  the  preparation  of  all  PC  specimens. 

In  an  attempt  to  estimate  the  maximum  water  content  of  aggregate 
that  could  be  expected  in  the  field  after  a  heavy  rain,  the  aggregate  was 
completely  saturated  by  soaking  in  water  for  24  hr.  The  aggregate  was 
subsequently  filtered  through  a  filter  paper  for  1  hr  at  ~24°C  to  remove 
any  excess  water  existing  on  the  surface  of  the  aggregate.  This  is 
illustrated  in  Figure  22.  The  water  content  of  the  wet  aggregate  was 
then  measured  by  using  a  Moisture  Determination  Balance.  The  values  ob¬ 
tained  are  given  in  Figure  22  and  they  were  assumed  to  be  the  maximum 
possible  water  contents  of  the  various  aggregate  mixtures.  The  date  in¬ 
dicate  that  the  maximum  water  content  of  the  aggregate  decreases  with  an 
increase  in  the  C.A.  content.  The  water  content  of  100%  F.A.  having  a 
particle  size  <1.19  mm  was  measured  to  be  ~11.5  wt%.  A  40/60  F.A./C.A. 
mixture  had  a  water  content  of  3.5%,  ~70%  lower  than  that  of  the  100% 

F.A.  The  lowest  water  content  (~0.8%)  resulted  from  the  use  of  100% 

C.A..  On  the  basis  of  these  results,  a  water  content  of  3.5%  was  inclu¬ 
ded  in  all  PC  samples  in  which  an  aggregate  F.A./C.A.  ratio  of  40/60  was 
used . 
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Table  23 


Sieve  Analysis  of  Coarse  and  Fine  Aggregate  Used  in  PC 


Coarse  Aggregate  (C.A.) 


UJ 

5.  Sieve  Size 

Percent  passing 

3/4 

In. 

(18.8  mm) 

100 

1/2 

in. 

(12.5  mm) 

95 

3/8 

in. 

(  9.5  mm) 

50 

1/4 

in. 

(  6.3  mm) 

28 

No. 

4 

(4.76  mm) 

4 

No. 

8 

(2.38  mm) 

0 

Fine  Aggregate  (F.A.) 


U.S.  Sieve  Size 


Percent  passing 


No.  8  (2.38  aim)  100 
No .  16  (1.19  mm)  30 
No.  30  (0.595  mm)  25 
No.  100  (0.149  mm)  0 


B.  Retarders 


Work  was  performed  to  Identify  materials  that  could  retard  the  rate 
of  polymerization  of  FA  in  order  to  allow  sufficient  time  for  placement 
and  compaction  of  the  PC. 

It  is  well  known  that  the  condensation  polymerization  of  FA  monomer 
occurs  because  of  the  catalytic  function  of  a  strong  acid  such  as  ZnCl2, 
HC1 ,  H2SO4,  P2O5,  etc.  Therefore,  it  was  reasoned  that  the  polymeriza¬ 
tion  could  be  inhibited  by  the  addition  of  a  suitable  basic  reagent  (pH 
>7).  It  was  found  that  pyridine  reagent  is  widely  used  for  this  pur¬ 
pose.  The  pyridine  is  readily  soluble  in  FA  and  is  relatively  inexpen¬ 
sive. 


The  effect  of  the  addition  of  pyridine  on  the  gel  time  of  FA-PC  is 
illustrated  in  Figure  23.  As  shown,  the  gel  time  increases  with  the 
pyridine  concentration.  The  addition  of  20%  pyridine  by  weight  of  TCT 
results  in  the  gel  time  being  ~1  min  longer  than  that  for  samples  without 
pyridine.  A  gel  time  >10  min  can  be  achieved  by  the  addition  of  70  wt% 
pyridine.  The  results  also  appear  to  indicate  that  the  addition  of 
pyridine  could  possibly  be  used  as  a  method  to  extend  the  storage  life  of 
FA  monomer. 

The  data  in  Figure  23  also  suggest  that  the  peak  exotherm  times 
which  are  indicative  of  the  polymerization  times  increase  with  an 
increase  in  the  gel  time.  The  peak  exotherm  time  for  specimens 
containing  70%  pyridine  was  ~21.5  min.  The  gel  time  for  this  formulation 
was  ~10. 5  rain. 

C.  Mixing  Procedures 


The  mixing  procedures  used  were  dependent  upon  the  temperature.  For 
the  range  1°  to  30°C,  FA-PC  specimens  were  produced  using  the  mix 
procedures  given  below.  Prior  to  mixing,  all  of  the  components  were 
equilibrated  at  the  desired  mix  temperature. 

1)  The  required  amount  of  the  powdered  ZnCl2  promoter  was  added 
directly  to  the  water-saturated  aggregate,  and  then  mixed  for  ~2  min  to 
achieve  a  uniform  distribution  and  complete  dissolution  of  the  ZnCl2  (see 
Figure  24). 

2)  The  dry  silica  flour  filler  was  then  mixed  with  the  mixture  of 
wet  aggregate  and  ZnCl2  promoter.  The  appearance  of  this  mixture  is 
shown  on  the  right  in  Figure  24. 

3)  FA  monomer,  containing  the  appropriate  amounts  of  TCT  catalyst 
and  pyridine  retarder,  was  then  added  to  the  mixture  of  wet  aggregate, 
ZnCl2,  and  silica  flour  (see  Figure  25).  The  PC  formulation  was  then 
placed  in  paper  forms  7.6  cm  diam  x  20.0  cm  long.  The  mix  was  not 
compacted  in  the  forms. 
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4)  Polymerization  was  performed  in  a  water  bath  controlled  to 
+1.1°C  over  the  operating  temperature  range  of  1°  to  30°C. 

Ca-UP  complexed  PC  specimens  were  produced  in  a  similar  manner 
except  that  different  promoters,  initiators,  and  fillers  were  used. 

In  addition  to  accelerating  the  polymerization  of  FA,  at  tempera¬ 
tures  <0°C  the  ZnCl2  acts  as  a  de-icing  material.  Heat  resulting  from 
the  exothermic  reaction  between  ZnCl2  and  water  results  in  the  melting  of 
any  ice  that  may  be  present  in  the  frozen  aggregate.  At  temperatures 
<0°C,  specimens  were  produced  in  accordance  with  the  following  mix  pro¬ 
cedures: 

1)  The  required  amount  of  powdered  ZnCl2  promoter  was  added  direc¬ 
tly  to  the  frozen  aggregate  (see  Figure  26),  and  then  mixed  for  ~3  min  to 
achieve  a  uniform  distribution  and  complete  dissolution  of  the  ZnCl2  (see 
Figure  27). 

2)  Dry  silica  flour  filler  was  then  mixed  with  the  wet  aggregate  - 
ZnCl2  mixture. 

3)  FA  monomer  containing  the  appropriate  amounts  of  TCT  catalyst 
and  pyridine  retarder  was  then  added  to  the  mixture  of  wet  aggregate, 
ZnCl2,  and  silica  flour. 

4)  Polymerization  was  performed  in  an  alcohol  bath  controlled  to 
+1.1°C  over  the  operating  temperature  range  of  0°C  to  -20°C. 


D.  Optimized  PC  Formulations 

In  order  to  establish  an  optimized  water-compatible  PC  formulation 
for  use  over  the  temperature  range  -20°  to  30°C,  measurements  of  the  1-hr 
compressive  strength  and  the  gel  times  were  performed.  Test  cylinders 
7.6  cm  diam  x  15.2  cm  long  were  used  in  this  work. 

The  temperature  of  each  specimen  was  monitored  continuously  during 
the  curing  period  by  means  of  a  thermocouple  connected  to  a  strip  chart 
recorder.  The  gel  time  is  defined  as  the  point  at  which  the  monomer 
converts  into  a  gelatin  state  and  therefore  represents  the  maximum  allow¬ 
able  time  between  mixing  and  finishing. 

1.  FA- PC 

Compositions  summarized  in  Table  24  were  selected  for  use  in  tests 
to  measure  the  PC  properties  after  curing  at  30°C»  The  results  from 
these  tests  (see  Table  25)  indicate  that  the  early  strength  is  dependent 
upon  the  catalyst,  promoter,  and  retarder  concentrations,  and  the  aggre¬ 
gate  water  content.  Without  the  use  of  pyridine  retarder,  the  required 
strength  of  >2000  psi  (13.78  MPa)  is  easily  attainable.  Howevei ,  the 
resulting  gel  times  of  <1  min  are  too  short  to  be  practical  for  field 
application  and  the  use  of  pyridine  retarder  is  required.  Unfortuna¬ 
tely,  high  concentrations  of  retarder  cause  strength  reductions. 


» 

i  Figure  27.  Frozen  aggregate  to  whi 
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Table  25  (Cout’d) 


1 


The  data  also  indicate  that  the  gel  time  increases  with  a  decrease 
in  the  aggregate  water  content.  The  longest  gel  time  at  the  maximum 
water  content  of  3.5  wt%  that  results  in  a  PC  with  adequate  strength  is 
~1  min  15  sec  (Specimen  No.  F-B-6).  This  was  attained  by  the  addition  of 
a  reagent  formulation  consisting  of  1.5%  catalyst  by  weight  of  monomer, 
70%  retarder  by  weight  of  catalyst  (TCT)  and  75%  promoter  by  weight  of 
monomer.  If  a  gel  time  >2  min  was  required,  90%  retarder  by  weight  of 
catalyst  was  needed.  However,  the  strength  (Specimen  No.  F-B-7)  at  1  hr 
was  only  1466  psi  (10.10  MPa),  ~31%  lower  than  that  of  PC  with  70  wt% 
retarder.  At  a  water  content  of  2.5  wt%,  the  gel  time  was  62  min  20  sec 
and  the  strength  was  >2000  psi  (>13.78  MPa).  PCs  made  with  water 
contents  <1.5  wt%  had  gel  times  >3  rain  and  excellent  early  strength. 

These  results  suggest  that  even  if  it  is  possible  to  use  dry  aggregate 
and  the  temperature  is  a  relatively  high  30°C,  a  gel  time  of  65  min  would 
be  required  to  meet  the  compressive  strength  criteria. 

Compositions  and  test  results  for  specimens  cured  at  20°C  are  given 
in  Tables  26  and  27,  respectively.  When  compared  to  those  used  for  the 
30°C  samples,  these  compositions  are  characterized  by  an  appreciably 
increased  amount  of  TCT  catalyst. 

The  results  are  similar  to  those  obtained  at  30°C.  Namely,  the  gel 
times  tend  to  increase  gradually  with  a  decrease  in  water  content.  For  a 
water  content  of  3.5  wt%,  a  strength  of  2304  psi  (15.88  MPa)  was  devel¬ 
oped  by  use  of  2.0%  catalyst  by  weight  of  monomer,  60%  retarder  by  weight 
of  catalyst,  and  75%  promoter  by  weight  of  monomer.  The  gel  time  was  1 
min,  40  sec.  Gel  times  >2  min  and  adequate  strengths  were  obtained  when 
the  water  content  was  <2.5  wt%. 

The  compositions  of  specimens  cured  at  10°C  are  given  in  Table  28. 

By  comparison  with  samples  cured  at  20°C,  the  formulations  are  character¬ 
ized  by  the  use  of  a  somewhat  decreased  amount  of  retarder.  The  test 
results,  summarized  in  Table  29,  indicate  that  the  desired  properties  can 
be  obtained  with  aggregate  having  water  contents  up  to  3.5  wt%.  All  of 
these  formulations  have  gel  times  between  ~1  and  4  min. 

The  properties  of  specimens  cured  at  1°C  and  consisting  of  the  mix 
compositions  listed  in  Table  30  are  given  in  Table  31.  Compared  to  the 
PC  cured  at  10°C,  the  1°C  formulations  contain  increased  amounts  of  cata¬ 
lyst  and  promoter.  The  data  indicate  that  a  1-hr  compressive  strength 
>1000  psi  (6.89  MPa)  can  be  obtained  with  samples  containing  3.5  wt% 
water.  The  gel  time  is  ~2  min  15  sec.  At  10°C,  strengths  <500  psi  (3.44 
MPa)  were  normally  obtained  for  samples  with  similar  gel  times. 

The  results  at  -10°C  for  PC  specimens  of  compositions  listed  in 
Table  32,  are  given  in  Table  33.  As  shown  in  Table  32,  the  required 
quantities  of  FA  monomer,  promoter,  and  catalyst  are  considerably  higher 
than  those  used  at  1°C.  Since  the  viscosity  of  FA  monomer  at  -10°C  is 
significantly  greater  than  at  1°C,  monomer  contents  >10  wt%  are  required 
to  achieve  mix  consistencies  similar  to  those  for  formulations  used  at 
>1°C.  The  addition  of  >7.5  wt%  ZnCl2  and  5.0  wt%  TCT  is  also  required  to 
attain  the  desired  early  strength. 
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‘By  weight  of  TCT. 
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By  weight  of  TCT. 

MPa  =  ps l  x  6.895  x  10” 
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aBy  weight  of  TCT. 
tyfPa  =  psl  x  6.895  x  10~ 


Compositions  of  FA-PC  polymerized  at  -10°C 
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aBy  weight  of  TCT. 

^MPa  3  psl  x  6.89  x  10“ 


The  test  results  at  -10°C  show  an  interesting  relationship  between 
the  gel  time  and  the  I-hr  strength.  Even  if  the  specimens  have  a  maximum 
water  content  of  3.5  wt%,  an  early  strength  of  3490  psi  (24.05  MPa)  can 
be  obtained  at  a  relatively  long  gel  time  of  ~8  rain  10  sec.  PC  having 
the  same  water  content  and  polymerized  by  the  addition  of  5.0  wt%  TCT  and 
9.0  wt%  ZnCl2,  but  without  pyridine  retarder,  had  an  excellent  early 
strength  of  >4000  psi  (>27.56  MPa).  However,  its  gel  time  was  only  ~45 
sec.  The  gel  time  for  a  PC  with  a  1-hr  strength  >3000  psi  (>20.67  MPa) 
increases  with  a  decrease  in  the  water  content  of  theaggregate .  The 
results  also  suggest  that  the  strength  of  samples  containing  a  wet  aggre¬ 
gate  can  be  controlled  by  varying  the  catalyst,  promoter,  and  retarder 
concentrations. 

At  -20°C,  the  mix  compositions  listed  in  Table  34  were  used.  For  PC 
formulations  containing  <3.5  wt%  water,  the  quantities  of  retarder  used 
were  somewhat  lower  than  those  used  at  -10°C.  The  test  results,  summa¬ 
rized  in  Table  35,  indicate  that  a  1-hr  strength  >2500  psi  (>17.23  MPa) 
can  be  produced  with  a  PC  formulation  containing  3.5  wt%  water  and  10  wt% 
ZnCl2*  The  gel  time  is  ~12  min  (Specimen  Mo.  F-F-F-3),  practical  for 
field  application.  For  PC  specimens  made  with  aggregate  having  a  water 
content  <2.5  wt%,  the  desired  properties  can  be  obtained  at  a  gel  time  >8 
rain. 


Summarizing  the  results  from  the  above  tests,  FA  formulations  con¬ 
taining  aggregate  with  water  contents  up  to  3.5  wtZ  appear  suitable  for 
use  over  the  temperature  range  30°  to  -2 0°C.  These  compositions  are 
listed  in  Tables  36  and  37. 

2.  Ca-UP  PC 


To  determine  the  optimum  formulations  to  produce  Ca-UP  complexed  PC 
over  the  temperature  range  10°  to  30°C,  tests  similar  to  those  described 
above  for  FA-PC  were  performed. 

The  gel  time  and  1-hr  compressive  strength  results  at  30°C  for  PC 
specimens  made  according  to  the  mix  compositions  listed  in  Table  38  are 
presented  in  Table  39.  These  data  indicate  that  the  addition  of  DMA  pro¬ 
moter  in  conjunction  with  MEKP  catalyst  and  CoN  promoter  has  a  signifi¬ 
cant  effect  on  the  early  strength  of  specimens  made  with  wet  aggregate. 
The  1-hr  strength  increases  with  increasing  levels  of  DMA  and  the  gel 
time  decreases.  It  is  possible  to  obtain  a  strength  >2000  psi  (>13.78 
xfPa)  for  PC  containing  aggregate  with  a  water  content  of  3.5  wt%  while 
maintaining  a  gel  time  >3  min.  For  water  contents  <2.5  wt%,  the  gel 
times  are  longer  than  for  samples  containing  3.5  wt%.  The  maximum  gel 
time  that  will  still  yield  a  PC  with  the  desired  early  strength  seems  to 
be  £5  min.  Using  dried  aggregate,  the  strength  requirements  could  not  be 
met  if  the  gel  time  was  >5  min. 
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Compositions  of  FA-PC  polymerized  at  -20°C 
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‘Formulations  selected  have  1-hr  compressive  strength  >2000  psi  and  gel  times  >1  rain  30  sec 
'Aggregate,  60  vt%  coarse  (size,  9.5  to  2.38  mm)  -  40  wt%  fine  (size,  1.19  to  0.149  ram) . 


Test  Results,  Ca-UP  PC  Cured  at  30°C 


6.895  x  10-3 


At  20°C,  the  mix  compositions  listed  in  Table  40  were  used.  As 
shown  in  this  table,  the  quantities  of  catalyst  and  promoter  used  were 
somewhat  higher  than  those  used  at  30°C.  These  test  results,  summarized 
in  Table  41,  are  similar  to  those  obtained  for  PH  specimens.  They  indi¬ 
cate  that  we  could  not  obtain  the  required  early  strength  without  gel 
times  <1  min  if  the  aggregate  water  content  was  >2.5  wt%.  This  is  pro¬ 
bably  due  to  the  water  acting  as  a  heat  sink  which  results  in  a  decreased 
polymerization  rate.  For  water  contents  in  the  range  >0  <1*5  wt%,  PC 
with  gel  times  <2  min  yielded  acceptable  strengths.  A  1-hr  strength 
>3000  psi  (>20.67  MPa)  could  not  be  obtained  for  water  contents  >0.75 
wt%.  PC  containing  dry  aggregate  (<0.1  wt%  water)  had  a  strength  of 
>2000  psi  (>13.78  MPa)  and  a  gel  time  of  ~3  min. 

At  10°C,  the  mix  compositions  listed  in  Table  42  were  tested  and  the 
results  are  summarized  in  Table  43.  All  samples  containing  aggregate 
with  water  contents  ranging  from  3.5  to  0.75  wt%  had  1-hr  strengths  <1000 
psi  (<6.89  MPa).  Because  of  the  need  to  use  relatively  high  catalyst  and 
promoter  concentrations  in  this  test  series,  the  gel  times  were  only  ~15 
sec,  too  short  to  be  practical. 

The  data  suggest  that  PC  made  at  10°C  with  dry  aggregate  is  capable 
of  yielding  an  early  strength  >3000  psi  (>20.67  MPa).  However  at  <10°C, 
the  Ca-UP  complexed  PC  containing  wet  aggregate  does  not  appear  to  have 
potential  for  rapid  runway  repair. 

From  the  results  of  the  above  tests,  Ca-UP  complexed  PC  containing 
aggregate  with  water  contents  up  to  3.5  wt%  were  selected  for  use  in  the 
temperature  range  20°  to  30°C.  These  compositions  are  summarized  in 
Table  44. 

E •  Mechanical  and  Physical  Properties 


Additional  tests  to  further  characterize  the  FA  and  Ca-UP  complexed 
systems  were  performed.  Compressive,  flexure,  tensile,  and  shear  bond 
strength  tests  were  made,  and  bulk  density  and  water  absorption  measure¬ 
ments  were  taken.  These  results  are  summarized  in  Tables  45  and  46. 

The  relative  strength  of  Ca-UP  complexed  PC  at  ~24°C  was  ~2.0  times 
as  great  as  that  of  FA-PC.  The  flexure  and  tensile  strengths  were  1080 
psi  (7.44  MPa)  and  875  psi  (6.03  MPa),  respectively.  The  water  absorp¬ 
tion  of  FA-PC  was  approximately  48%  lower  than  that  of  Ca-UP  complexed 
PC.  This  is  probably  due  to  the  relatively  high  bulk  density  of  2.45 
g/cm^,  when  compared  to  that  of  Ca-UP  complexed  PC. 

The  shear  bond  strength  was  obtained  from  measurements  of  the  shear 
strength  at  the  interface  between  a  smoothly  finished  surface  of  a 
7.0-cm-diara  x  3.0-cm-thick  cement  concrete  disc  and  an  ~3.0-cm  thickness 
of  PC  containing  either  wet  or  dry  aggregate  which  was  cast  against  the 
concrete.  As  indicated  in  Table  46,  the  bond  strength  of  Ca-UP  complexed 
PC  was  much  larger  than  that  of  the  FA-PC  specimens.  .Also,  the  degree  of 
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MPa  =  psi  x  6.895  x  10" 


Water  UP-St  Type  III  portland  MEKP  catalyst 


^  O 

©  © 


aSpeclmens,  7.5-cm-diam  x  15.0-cm-long  cylinders;  average  value  of  t' 
^Specimens,  5 .O-cra-square  x  30.0-cm-iong  beams;  average  value  of  two 
cSpeclraens,  7.3-cra-diam  x  10.0-cra-long  cylinders;  average  value  of  ti 
^Submerged  In  water  at  ~24°C  for  7  days. 


dryness  of  the  concrete  had  a  greater  effect  on  the  shear  strength  than 
the  moisture  content  of  the  PC.  Against  a  wet  surface,  the  Ca-UP  PC 
containing  a  wet  aggregate  exhibited  a  bond  strength  of  236  psi  (1.63 
MPa)  compared  to  only  27  psi  (0.19  MPa)  for  similar  FA-PC  samples.  When 
the  concrete  surface  was  dry,  the  bond  strength  increased. 

F .  Durability  Properties 


Although  not  of  primary  importance  for  runway  repair  materials,  the 
durability  of  the  PC  formulations  in  a  variety  of  aggressive  environments 
was  determined.  These  data  may  serve  to  identify  other  potential  appli¬ 
cations  for  the  USAF. 

FA  and  Ca-UP  PCs  containing  wet  aggregate  were  tested  for  heat 
resistance,  hydrothermal  durability,  freeze-thaw  durability,  and  resis¬ 
tance  to  chemical  attack  by  acids,  sodium  hydroxide,  acetone,  and  kero¬ 
sene.  The  acid  tests  included  20%  H2SO4  and  20%  HC1.  Test  results  are 
given  in  Tables  47  to  50. 

1.  Heat  Resistance 


Change  in  weight  and  length,  and  the  compressive  strengths  were 
determined  after  exposure  to  air  at  100°C  for  periods  up  to  60  days. 

Test  results  are  given  in  Table  47.  FA-PC  specimens  show  a  gradual 
weight  loss  with  time.  This  ranged  from  1.34%  after  10  days  to  1.85% 
after  60  days.  The  weight  loss  is  probably  due  to  the  evaporation  of 
free  water  from  the  PC.  Length  change  measurements  show  a  slight  expan¬ 
sion  with  increasing  exposure  time,  ranging  from  0.02%  for  10  days  to 
0.14%  for  60  days.  The  compressive  strength  after  10  days’  exposure  was 
4430  psi  (30.52  MPa),  significantly  greater  than  the  control  value  of 
2910  psi  (20.05  MPa).  This  suggests  that  the  degree  of  polymerization  of 
FA  monomer  is  enhanced  by  the  heating.  Additional  heating  for  60  days 
did  not  affect  the  strength,  indicating  that  at  100°C  the  polymerization 
reaction  is  completed  within  the  first  10  days  and  that  the  PC  is  ther¬ 
mally  stable. 

Ca-UP  complexed  PC  specimens  exposed  to  air  at  100°c  also  show  a 
small  continuous  decrease  in  weight  due  to  the  evaporation  of  free 
water.  Length  change  measurements  indicate  progressive  shrinkage  with 
increasing  exposure  time.  The  strength  improved  from  a  control  value  of 
5320  psi  (36.66  MPa)  to  an  average  of  6190  psi  (42.65  MPa)  after  10  days 
exposure.  After  60  days,  it  was  6342  psi  (43.70  MPa).  No  visual  signs 
of  deterioration  were  apparent. 

2 .  Hydrothermal  Stability 

The  PC  specimens  were  exposed  to  boiling  water  in  an  enclosed  recir¬ 
culating  system.  After  10,  30,  and  60  days'  exposure,  the  specimens  were 
tested  for  weight  and  length  changes,  and  compressive  strength. 
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Table  46 


Shear  Bond  Strength  of  FA  and  Ca-UP  PC 
to  Type  III  Portland  Cement  Concrete 


PC 

Aggregate3 

Condition  of  cement 
concrete  surface 

7-day  bond  stength, 
psi  (MPa) 

Failure 

mode 

FA 

wet 

dry 

160  (1.10) 

joint 

FA 

wet 

wet 

27  (0.19) 

joint 

FA 

dry 

dry 

235  (1.62) 

joint 

FA 

dry 

wet 

32  (0.22) 

joint 

Ca-UP 

wet 

dry 

358  (2.47) 

cement  concrete 
failure 

Ca-UP 

wet 

wet 

236  (1.63) 

joint 

Ca-UP 

dry 

dry 

1081  (7.45) 

cement  concrete 
failure 

Ca-UP 

dry 

wet 

381  (2.63) 

joint 

aWater  content  of  aggregate 

,  3.5  wtZ. 

Table 

Stability  of  PC  in 

47 

.  Air 

at  100°C 

Exposure , 

Weight  change, 

Length  change, 

Compressive 

strength , 

PC 

days 

% 

Z 

psi  (MPa) 

FA 

0 

0 

0 

2910 

(20.05) 

FA 

10 

-1.34 

+0.02 

4430 

(30.52) 

FA 

30 

-1.54 

+0.13 

4433 

(30.54) 

FA 

60 

-1.85 

+0.14 

4437 

(30.57) 

Ca-UP 

0 

0 

0 

5320 

(36.66) 

Ca-UP 

10 

-1.77 

-0.26 

6190 

(42.65) 

Ca-UP 

30 

-1.79 

-0.29 

6200 

(42.72) 

Ca-UP 

60 

-1.94 

-0.36 

6342 

(43.70) 

Table  48 


Stability  of  PC  in  Water  at  100°C 


PC 

Exposure , 
days 

Weight  change, 

% 

Length  change, 

X 

Compressive  strength, 
psi  (MPa) 

FA 

0 

0 

0 

2910  (20.05) 

FA 

10 

+0.02 

+0.72 

2240  (15.43) 

FA 

30 

+0.02 

+0.68 

2170  (14.95) 

FA 

60 

+0.04 

+0.68 

2180  (15.02) 

Ca-UP 

0 

0 

0 

5320  (36.66) 

Ca-UP 

10 

+4.21 

+2.14 

3500  (24.12) 

Ca-UP 

30 

+4.23 

+2.13 

3020  (20.81) 

Ca-UP 

60 

+4.28 

+2.14 

3794  (26.14) 

Table  49 


Resistance 

to  Freezing  and 

Thawing 

PC 

Number 

of  test  cycles 

Weight  change, 
Z 

Compressive  strength, 
psi  (MPa) 

FA 

0 

0.00 

2,759  (19.01) 

FA 

50 

-2.21 

2,536  (17.47) 

Ca-UP 

0 

0.00 

5,560  (38.31) 

Ca-UP 

50 

0.00 

5,841  (40.24) 

Resistance  to  Chemical  Attack 


PC 

Environment 

Compressive  strength,  psi  (MPa) 
before  exposure,  after  60  days 

Strength  reduction 
% 

FA 

20%  H2S04 

2910  (20.05) 

1770 

(12.20) 

39.18 

FA 

20%  HC1 

2910  (20.05) 

1367 

(9.42) 

53.02 

FA 

20%  NaOH 

2910  (20.05) 

2308 

(15.90) 

20.69 

FA 

acetone 

2910  (20.05) 

262 

(1-81) 

91.00 

FA 

kerosene 

2910  (20.05) 

2887 

(19.89) 

0.79 

Ca-UP 

20%  H2S04 

5320  (36.66) 

2968 

(34.23) 

6.62 

Ca-UP 

20%  HC1 

5320  (36.66) 

4643 

(31.99) 

12.73 

Ca-UP 

20%  NaOH 

5320  (36.66) 

3251 

(22.40) 

38.89 

Ca-UP 

acetone 

5320  (36.66) 

— 

_ a 

100.00 

Ca-UP 

kerosene 

5320  (36.66) 

5318 

(36.64) 

0.04 

disintegrated ,  removed 

from  test. 

\ 


The  results  are  presented  In  Table  48.  As  shown  in  the  table,  the 
FA-PC  specimens  had  no  significant  change  in  weight.  Length  change 
measurements  indicate  an  expansion  of  0.72%  after  10  days  and  stabiliza¬ 
tion  beyond  that  time.  The  compressive  strength  decreased  ~25%  within 
the  first  30  days.  No  further  reduction  was  noted. 

The  Ca-UP  PC  showed  a  relatively  high  weight  increase  of  4.21%  and 
an  increase  in  length  of  2.14%  after  10  days.  These  are  probably  due  to 
absorption  of  water.  Little  changes  were  noted  for  longer  exposure 
times.  The  compressive  strength  of  the  PC  after  exposure  for  30  days 
indicates  a  trend  toward  decreased  strength  with  increased  exposure 
time.  Values  ranged  from  5320  psi  (36.66  MPa)  before  exposure  to  3020 
psi  (20.81  MPa)  after  30  days.  Thereafter,  the  strength  increased  to 
3794  psi  (26.14  MPa)  after  60  days.  This  increase  was  probably  due  to 
the  hydration  products  of  the  cement  filler  formed  during  exposure  to  the 
boiling  water. 

3.  Freeze-Thaw  Durability 

In  this  test,  specimens  were  immersed  in  water  and  alternately 
frozen  at  -15°C  and  thawed  at  24°C  at  the  rate  of  about  7  cycles  per 
week.  The  test  results  after  50  cycles  are  given  in  Table  49.  FA-PC 
containing  wet  aggregate  had  a  weight  loss  of  2.21%  after  50  cycles.  The 
compressive  strength  decreased  from  an  average  of  2759  psi  (19.10  MPa) 
for  the  control  to  2536  psi  (17.49  MPa)  after  50  cycles.  During  this 
period,  the  specimens  developed  a  brown  color  on  the  surface. 

The  Ca-UP  PC  samples  containing  wet  aggregate  appeared  to  be  in  good 
condition  after  50  cycles.  No  weight  change  was  observed.  The  compres¬ 
sive  strength  after  50  cycles  was  higher  than  that  for  the  controls. 

4 .  Resistance  to  Acid  Attack 

Specimens  were  immersed  for  60  days  in  20%  H2SO4  and  20%  HC1  at  room 
temperature.  Compressive  strength  results  are  given  in  Table  50.  In  20% 
H2SO4,  the  FA-PC  specimens  had  a  strength  reduction  of  39.18%.  The  Ca-UP 
PC  specimens  showed  significantly  greater  acid  resistance.  The  strength 
reduction  was  only  6.62%. 

After  similar  exposure  to  20%  HC1,  the  FA-PC  exhibited  appreciable 
deterioration  as  indicated  by  a  strength  reduction  of  53%.  The  Ca-UP  PC 
lost  12.73%,  thereby  indicating  far  greater  resistance.  However,  it 
should  be  noted  that  the  FA-PC  specimens  were  slightly  absorptive  and 
that  lime-type  aggregate  is  readily  attacked  by  acids.  Therefore,  the 
use  of  more  acid-resistant  aggregate  would  significantly  increase  the 
durability . 


5 .  Exposure  to  20%  NaOH 

Specimens  were  tested  for  resistance  to  20%  NaOH  at  room  temperature 
for  60  days.  The  test  results  (see  Table  50)  indicated  that  the  loss  in 
strength  of  Ca-UP  PC  is  higher  (38.89%  vs  20.69%)  than  for  FA-PC. 


6 .  Resistance  to  Chemical  Attack  by  Acetone 


Results  of  accelerated  acetone  attack  tests  are  also  given  In  Table 
50.  After  about  10  days  exposure,  the  Ca-UP  PC  completely  disintegra¬ 
ted.  The  resistance  of  FA-PC  specimens  was  somewhat  greater,  but  still 
very  poor.  After  60  days'  exposure,  the  specimens  had  a  strength  of  only 
262  psi  (1.81  MPa)  . 

7.  Resistance  to  Kerosene 


Test  specimens  were  also  immersed  in  kerosene  at  room  temperature 
for  60  days.  As  seen  in  Table  50,  all  specimens  showed  no  visible  signs 
of  deterioration  and  the  strengths  remained  constant. 

G.  Reinforcement  Materials 


The  use  of  steel  fiber  reinforcement  as  a  means  of  increasing  the 
flexure  strength  of  FA-PC  at  an  age  of  1  hr  to  at  least  500  psi  (3.45 
MPa)  was  investigated.  In  these  studies,  the  specimens  were  prepared  in 
accordance  with  the  mix  compositions  given  in  Table  51.  Each  composition 
had  a  F.A./C.A.  ratio  of  40/60  and  a  maximum  water  content  of  3.5  wt%. 
Observations  of  the  workability  during  the  mixing  of  the  PC  indicated 
that  the  maximum  concentration  of  fiber  should  be  limited  to  the  range  of 
~5  to  7%  by  weight  of  aggregate. 

The  flexure  and  compressive  strength  results  for  steel  fiber  rein¬ 
forced  specimens  at  a  curing  age  of  7  days  in  air  at  ~24°C  are  summarized 
in  Figures  28  and  29,  These  curves  indicate  that  both 
strength  properties  increase  with  an  increase  in  fiber  concentration. 
Using  9  wt%,  the  flexure  and  compressive  strengths  were  ~2.1  and  1.2 
times  greater  than  those  of  unreinforced  PC. 

The  flexure  strength  results  for  samples  containing  7.0  wt"  steel 
fiber  as  a  function  of  the  cure  time  at  ~24°C  are  given  in  Figure  30. 

The  data  indicate  a  maximum  strength  at  a  cure  time  of  ~7  hr.  The  30-min 
strength  for  the  reinforced  PC  was  519  psi  (3.58  MPa),  ~67%  higher  than 
that  of  the  unreinforced  PC.  The  maximum  strength  at  an  age  of  7  hr  was 
910  psi  (6.27  MPa).  This  corresponds  to  an  improvement  of  ~75%  over 
specimens  at  a  30  min  age. 

H.  Materials  Cost 


The  cost  for  the  materials  in  the  steel  fiber  reinforced  PC  composi¬ 
tions  needed  for  use  in  the  temperature  range  1°  to  30°C  and  -10°  to 
-20°C  were  calculated  and  the  results  are  shown  in  Tables  52  and  53.  The 
cost  of  solvents  was  not  included  in  these  calculations.  Unless  the 
binder  has  thickened  considerably  because  of  partial  curing,  acetone  or 
trichloroethane  can  be  used  to  clean  tools  used  with  the  Ca-UP  PC.  Water 
is  used  as  a  solvent  for  the  FA-PC  compositions.  The  quantity  of  steel 
fiber  used  in  the  cost  estimates  was  7%  by  weight  of  aggregate. 


-  88  - 


Material  Costs 

for  PC  for 

Table  52 

Use  at  Temperatures  Between  1° 

and  30°C 

Quantitv. 

Unit  cost, 

Cost , 

Material 

kg/m3 

S/kg 

S/m3 

FA-PCa 

FA 

196.0 

1.322 

259.11 

aggregate 

1690.5 

0.015 

25.36 

ZnCl2 

147.0 

0.933 

137.15 

silica  flour 

416.5 

0.110 

45.82 

TCT1 

3.9 

5.397 

21.05 

pyridine3 

2.3 

9.775 

22.48 

steel  fiber3 

118.3 

1.110 

131.31 

total  $/m3 

642.28 

S/yd3 

491.08 

Ca 

-UP  coraplexed  PC6 

UP-St 

419.9 

1.045 

438.8 

aggregate 

1566.9 

0.015 

23.5 

cement 

223.2 

0.044 

9.8 

MEKP4 

8.4 

2.313 

19.4 

CoN5 

8.4 

3.106 

26.1 

DMA6 

4.2 

2.775 

11.7 

steel  fiber3 

109.7 

1.110 

121.8 

total  S/m3 

651.1 

$/yd3 

497.8 

aPC  formulation 

,  8.0  wt% 

FA  monomer  -  69 .0 

wt"  wet  aggregate  - 

6.0  wt%  ZnCl2  promoter  -  17.0  vt%  silica  flour  filler. 

Density:  2450  kg/m3. 

6PC  formulation,  19  wt%  UP-St  monomer  -  70.9  wt%  wet  aggregate  - 


10.1  wt%  Type  III  Portland  cement  filler. 
Density:  2210  kg/m3. 


*TCT  catalyst,  Z.0%  by  weight  of  FA  monomer. 
3Pvridine  retarder,  60.0%  by  weight  of  TCT  catalyst, 
3Steel  fiber,  7.0%  by  weight  of  aggregate. 

4MEKP  catalyst,  2.0%  by  weight  of  UP-St  monomer. 

3CoN  promoter,  2.0%  by  weight  of  UP-St  monomer. 

6DMA  promoter,  1.0%  by  weight  of  l'P-St  monomer. 


Table  53 


Material  Costs  for  PC  for  Use  at  Temperatures  Between  -10°  and  -20°C 


Material 

Quantity , 
kg/m-* 

FA-PCa 

Unit  Cost, 
S/kg 

Cost , 

S/m3 

FA 

236.0 

1.322 

311.99 

aggregate 

1529.3 

0.015 

22.94 

ZnCl2 

212.4 

0.933 

198.17 

silica  flour 

382.3 

0.110 

42.05 

TCT1 

11.8 

5.397 

63.69 

pyridine^ 

3.5 

9.775 

34.21 

steel  fiber-* 

107.1 

1.110 

118.88 

total  S/m* 

791.93 

S/yd3 

605.50 

aPC  formulation;  10.0  wt%  FA  monomer  -  64.8  wt%  wet  aggregate  -  9.0 
wt%  ZnCl2  promoter  -  16.2  wt%  silica  flour  filler. 

Density:  2360  kg/ra3. 


*TCT  catalyst:  5.0%  by  weight  of  FA  monomer. 
^Pyridine  retarder:  30.0%  by  weight  of  TCT  catalyst. 
3Steel  fiber:  7.0%  by  weight  of  aggregate. 


IV.  PROCESS  TECHNOLOGY 

In  order  to  establish  the  feasibility  of  field  use,  preliminary 
process  technology  work  was  performed. 

A  premix  method  in  which  the  monomer  and  the  aggregate  are  added 
together  in  a  mixer  has  generally  been  used  to  produce  high-quality 
FA-PC.  A  primary  consideration  has  been  to  reduce  the  void  volume  in  the 
aggregate  mass  in  order  to  minimize  the  required  quantity  of  the  expen¬ 
sive  monomer.  The  fact  that  the  water-soluble  monomer  completely  wets 
the  surface  of  the  wet  aggregate  during  mixing  is  an  important  advantage 
of  this  technique.  This  results  in  good  bonding  between  the  polymer  and 
the  aggregate  phases,  thereby  enhancing  the  mechanical  properties. 

The  penetration  of  FA  monomer  into  a  pre-packed  wet  aggregate  matrix 
can  be  considered  as  an  alternative  method  for  producing  FA-PC.  With 
this  method  it  is  not  necessary  to  mix  the  monomer  with  aggregate  in  a 
mixer,  therefore  it  is  less  complicated  and  permits  the  use  of  formula¬ 
tions  with  short  gel  times. 

Preliminary  information  regarding  the  rate  of  penetration  of  monomer 
into  a  wet  aggregate  matrix  was  obtained.  Because  of  the  relatively  high 
early  strength  of  FA-PC,  it  was  assumed  that  a  penetration  depth  of  30  cm 
would  be  adequate  for  most  applications. 

As  shown  in  Figure  31,  the  measurements  of  the  penetration  rate  of 
FA  monomer  into  a  30-cm  column  of  wet  aggregate  were  performed  in  a 
6.0-cm-diam  x  40.0-cm-long  glass  cylinder.  Saturation  was  performed  by 
ponding  the  FA  under  atmospheric  pressure.  The  aggregate  had  a  F.A./C.A. 
ratio  of  30/70  and  a  moisture  content  of  2.8  wt%.  After  curing,  compres¬ 
sive  strength  tests  on  specimens  cut  from  the  saturated  cylinders  were 
performed  in  accordance  with  ASTM  C39.  These  results  are  discussed 
later. 

Although  FA  is  water-soluble  monomer,  it  appeared  that  the  presence 
of  entrapped  water  in  the  void  spaces  decreased  the  rate  of  penetration 
into  the  aggregate  matrix.  A  mixture  of  filler  materials  consisting  of 
dry  No.  30  silica  sand  and  dry  silica  flour  was  therefore  added  as  a 
moisture  absorbing  material  in  this  test  series.  The  filler  concentra¬ 
tion  was  19  wt%. 

Wet  aggregate  consisting  of  the  mix  proportions  indicated  in  Table 
54  was  placed  to  a  height  of  ~30  cm  in  the  glass  cylinder.  The  aggregate 
was  not  vibrated  or  compacted  by  tamping.  Monomer  was  then  ponded  onto 
the  surface. 

As  illustrated  in  Figure  32,  the  penetration  rate  in  aggregate  mix¬ 
tures  containing  various  No.30/Si02  ratios  was  evaluated.  The  curves 
indicate  that  the  rate  of  penetration  was  rapid  for  approximately  the 
first  10  sec.  Thereafter,  the  rate  of  penetration  could  be  represented 
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Figure  31.  Measurement  of  penetra 
tion  depth  of  FA  monomer  into  wet 
aggregate  (left),  and  cured  FA-PC 
after  penetration  to  30-cm  depth 
(right)  . 


Table 

Composition  of 

54 

Wet  Aggregate 

j 

1  - 

F.A./C.A.  C. A.a , 

F .  A . b ,  2nd  2 , 

Waterc,  %  by 
weight  of 

No. 30  dry  silica  j 

sand^,  +  dry  silica 

- 

Ratio  wtX 

wtX  wt% 

aggregate 

flour  (Si0,)e,  wtZ 

aCrushed  Milestone  coarse  aggregate  (size,  12.5  to  2.38  mm). 
^Silica  fine  aggregate  (size,  1.19  to  0.149  mm). 
cMaximum  water  content. 

^Particle  size,  0.595  mm. 
eParticle  size,  <62  pm. 
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by  an  almost  straight  line.  It  was  also  observed  that  settling  of  the 
aggregate  phase  upon  monomer  addition  decreased  with  an  increase  in  the 
amount  of  finely  powdered  silica  flour  which  was  used  as  a  moisture¬ 
absorbing  additive. 

The  curves  also  indicate  that  the  penetration  depth  of  monomer  as  a 
function  of  time  tends  to  decrease  with  an  increase  in  the  amount  of 
silica  flour.  A  penetration  depth  >20  cm  in  ~30  sec  was  obtained  with  an 
aggregate  system  having  a  No.30/SiC>2  ratio  of  80/20.  This  impregnation 
time  represents  the  shortest  penetration  period  in  this  test  series. 

Thus,  it  is  assumed  that  this  aggregate  system  has  a  relatively  large 
pore  size  distribution.  The  impregnation  time  when  a  Ho.30/Si02  ratio  of 
50/50  was  used  is  approximately  twice  that  for  the  80/20  ratio.  Although 
it  is  not  shown  in  Figure  32,  a  No.30/S102  ratio  of  40/60,  a  very  compact 
aggregate  system,  could  not  be  penetrated  in  <4  min. 

To  determine  the  compressive  strength  at  a  cure  age  of  1  hr,  FA-PC 
specimens  containing  wet  aggregate  with  various  No.30/Si02  ratios  were 
prepared  in  the  following  manner.  The  appropriate  amount  of  the  wet 
aggregate  containing  moisture-absorbing  additives  and  the  ZnCl2  promoter 
was  placed  to  a  height  of  ~15  cm  in  a  7.4-cm-diam  x  20-cm-long  cylin¬ 
drical  paper  mold,  and  then  FA  monomer  containing  1.5  wt%  TCT  catalyst  by 
weight  of  monomer  and  60  w t%  pyridine  retarder  by  weight  of  catalyst  was 
added  by  ponding  under  atmospheric  pressure  for  ~1  min  30  sec.  Subse¬ 
quently,  a  small  quantity  of  the  wet  aggregate  system  consisting  of  the 
same  ingredients  was  added  to  fill  up  the  ~3-  to  4-cm  deep  void  space  at 
the  top  produced  by  the  shrinkage  of  the  initial  aggregate  phase.  Mono¬ 
mer  was  then  added  until  this  aggregate  was  saturated  with  monomer.  The 
material  was  then  compacted  by  the  use  of  table  vibration  for  ~10  sec. 

The  total  impregnation  time  was  generally  in  the  order  of  2  min  30  sec. 

The  effect  of  the  N0.3O/SIO2  rat^°  on  the  strength  of  FA-PC  speci¬ 
mens  compacted  using  table  vibration  is  illustrated  in  Figure  33.  As  is 
evident  from  the  figure,  the  strength  of  specimens  at  ~24°C  increases 
with  an  increase  in  the  amount  of  S1O2  flour.  The  maximum  strength  of 
~1760  psi  (~ 1 2 . 13  MPa)  was  obtained  when  a  50/50  ratio  was  used.  Thus, 
it  appears  that  the  addition  of  SiOj  flour  to  wet  aggregate  lias  a  great 
effect  on  the  early  strength  of  FA-PC  specimens  prepared  by  use  of  the 
pre-packed  method. 

It  was  also  observed  that  FA-PC  specimens  compacted  on  a  vibrating 
table  after  being  saturated  to  a  depth  of  ■'-20  cm  by  use  of  the  ponding 
technique  did  not  give  the  desired  compressive  strength.  However,  this 
can  be  corrected  by  use  of  internal  vibration. 

In  a  final  series  of  experiments,  compacted  wet  aggregate  having 
compositions  listed  in  Table  55  was  used.  The  PC  specimens  were  prepared 
in  the  following  manner.  The  appropriate  amounts  of  wet  aggregate,  mois¬ 
ture-absorbing  additives,  and  ZnCl2  promoter  were  placed  to  a  height  of 
~22  cm  in  a  10-cm  x  10-crn  x  23-cm  metal  can.  FA  monomer  containing  1.5% 
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TCT  catalyst  by  weight  of  monomer  and  60 %  pyridine  retarder  by  weight  of 
catalyst  was  then  ponded  on  the  surface  for  1.5  min  (see  Figure  34). 
Subsequently,  a  small  quantity  of  the  reactive  aggregate  system  was  added 
to  fill  the  2-  to  3-cm  deep  void  produced  by  the  compaction  of  the  ini¬ 
tial  aggregate  phase.  Monomer  was  then  added  until  this  additional 
aggregate  was  saturated.  The  monomer-saturated  wet  aggregate  was  finally 
compacted  by  the  use  of  an  internal  vibrator  for  -20  sec  as  shown  in 
Figure  35.  The  total  saturation  time  was  —2  min  40  sec. 

The  effect  of  the  No.30/Si02  ratio  on  the  improvement  in  strength  of 
FA-PC  specimens  prepared  by  the  pre-packed  method  and  the  use  of  internal 
vibration  is  illustrated  in  Figure  36.  The  curve  shows  the  relation 
between  the  1  hr  strength  and  the  No.30/Si02  ratio  and  is  characterized 
by  a  peak  at  a  No.30/Si02  ratio  in  the  range  of  40/60.  A  strength  of 
—2310  psi  (—15.92  MPa)  was  obtained  when  a  No.30/Si02  ratio  of  40/60  was 
used.  The  curve  suggests  that  the  addition  of  a  mix  containing  a  high 
ratio  of  silica  flour  (Si02)  to  wet  aggregate  results  in  a  decrease  in 
early  strength.  This  may  be  due  to  poor  penetration  of  monomer  into  the 
very  compact  aggregate  system.  Thus  it  appears  that  the  use  of  a  mois¬ 
ture-absorbing  additive  having  a  No.30/Si02  ratio  of  40/60  has  a  signifi¬ 
cant  effect  on  the  strength  of  specimens  prepared  by  this  method. 
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Figure  36.  The  effect  of  No.SO/SiO^  ratio  and  internal  vibration 
on  the  early  compressive  strength  of  FA-PC 


V.  CONCLUSIONS  AND  RECOMMENDATIONS 

FA-PC  formulations  that  yield  most  of  the  properties  needed  for 
rapid  runway  repair  purposes  were  developed.  These  properties  cannot  be 
produced  over  the  temperature  range  -20°  to  30°C  with  a  single  PC  formu¬ 
lation,  and,  therefore,  it  is  necessary  to  vary  the  concentrations  of  TCT 
catalyst,  ZnCl2  promoter,  and  pyridine  retarder  in  the  PC.  Composites 
made  from  water-saturated  aggregate  exhibited  a  working  time  >6  min  and  a 
1-hr  strength  >3000  psi  (>20.67  MPa).  The  maximum  flexure  strength  was 
<600  psi  (<14.13  MPa).  If  necessary,  the  latter  can  be  increased  by  the 
utilization  of  steel  fiber  reinforcement.  Results  from  preliminary  tests 
indicated  that  ~7%  by  weight  of  total  aggregate  concentration  of  hooked 
steel  fibers  [0.4  mm  diam  x  30  mm  long  (0.016  in.  x  1.18  in.)]  in  FA-PC 
resulted  in  an  ultimate  flexure  strength  >900  psi  (76.2  MPa).  A  detailed 
study  to  optimize  the  FA-PC  formulation  for  use  with  fiber  reinforcement 
is  needed. 

FA-PC  does  not  bond  to  portland  cement  concrete  as  well  as  vinyl- 
type  PCs.  Bond  strengths  to  smoothly  finished  concrete  surfaces  of  ~160 
psi  (l.l  MPa)  were  measured,  considerably  less  than  the  goal  of  >500  psi 
(3.45  MPa).  Structural  analysis  studies  are  needed  to  verify  the  amount 
of  bonding  that  is  needed,  and  if  ^  200  psi  (1.38  MPa),  the  use  of  primer 
coats  and  coupling  agents  should  be  investigated. 

Preliminary  work  to  identify  methods  for  practical  field  utilization 
of  the  FA-PC  formulations  was  performed.  One  method  is  to  prepack  wet 
aggregate  containing  ZnCl2  promoter  and  steel  fiber  into  the  hole  to  be 
repaired  and  then  to  saturate  the  aggregate  with  FA  containing  TCT 
catalyst.  A  >20-cm  (7.9-in.)  penetration  depth  was  obtained  by  ponding 
for  ~1  min  under  atmospheric  pressure.  The  1-hr  compressive  strength  was 
>2000  psi  (13.79  MPa)  . 

For  use  at  temperatures  <20°C,  Ca-UP  coraplexed  PC  does  not  appear  to 
have  as  much  potential  as  FA-PC  because  of  the  low  curing  rates  which 
result  in  inadequate  strengths  at  an  age  of  1  hr.  However,  when  this 
system  was  polymerized  at  temperatures  >20°C,  it  produced  excellent 
properties.  The  system  also  has  the  advantage  of  being  capable  of  poly¬ 
merization  under  water. 

The  costs  of  both  PC  systems  appear  reasonable  for  runway  repair 
applications.  For  temperatures  in  the  range  1°  to  30°C,  the  costs  of 
steel  fiber-reinforced  FA  and  Ca-UP  coraplexed  PC  systems  are  $642  and 
$651/m^,  respectively  ($491  and  $498/yd^).  Without  steel  fiber  the  costs 
would  be  reduced  by  ~18%.  For  use  at  temperatures  <1°C,  the  cost  of  the 
FA  formulations  would  be  increased  by  ~23%. 

From  the  results  obtained  in  the  current  program,  steel  fiber  rein¬ 
forced  FA  and  Ca-UP  coraplexed  PC  formulations  appear  suitable  for  use  as 
rapid  runway  repair  materials.  Additional  work  to  continue  their  deve¬ 
lopment  appears  warranted.  Topics  requiring  additional  work  are  summari¬ 
zed  below. 
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1.  Effects  of  aggregate  size  and  composition  on  the  resulting  PC 
pro perties . 

i 

2.  Compatibility  of  the  PC  with  asphalt. 

3.  Methods  for  the  storage  and  mixing  of  the  components  and  safe 
simple  rapid  placement  of  the  PC  formulations. 

4.  Structural  analysis  to  define  minimum  structural  slab  thickness, 
required  reinforcement,  and  necessary  compaction  of  the  backfill 
as  a  function  of  wheel  loading  and  crater  size. 

5.  Field  testing  to  determine  if  laboratory  properties  can  be 
reproduced  in  the  field,  to  identify  field  placement  problems, 
and  to  determine  placement  costs. 
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APPENDIX  A 


Required  Materials  and  Sources  of  Supply 

Furfuryl  alcohol  monomer  (FA):  Minimum  purity  98.0%. 

Supplier:  Quaker  Oats  Company 

Polyester-styrene:  A  mixed  monomer-polymer  system  consisting  of  ~50  wt% 
GR511  (a  flexible  polyester)  and  ~50  wt%  styrene  monomer. 

Supplier:  Marco  Division  of  W.R.  Grace  Company,  Blend  LB  183-13. 

Zinc  chloride  (ZnCl?):  Granular,  minimum  purity  98%. 

Suppliers:  Mineral  Research  Development  Corporation,  Ashland 
Chemical  Corporation. 

a,a,q,-Trichlorotoluene  (TCT): 

Supplier:  Eastman  Kodak  Company. 

Pyridine : 

Suppliers:  Eastman  Kodak  Compan  ,  Malllnckrodt ,  Inc. 

N,N,  Dimethyl  aniline  (DMA): 

Suppliers:  American  Cyanamid  Company,  Berton  Plastic,  Inc., 
Polysciences  Inc. 

Methyl  ethyl  ketone  peroxide  (MEXP):  Active  oxygen  content,  60%. 

Suppliers:  Berton  Plastic  Inc.,  Lucidol  Division  of  Penwalt 

Corporation,  Reichold  Chemical. 

Cobalt  naphthanate  (CoN): 

Suppliers:  Berton  Plastic  Inc.,  Polyscience  Inc.,  Sartoraer  Company. 
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APPENDIX  B 


Safety  Information 

The  chemicals  required  for  producing  polymer  concrete  (PC)  are  not 
normally  used  in  field  applications.  It  is,  therefore,  essential  that 
users  have  a  good  understanding  of  their  properties,  their  hazards,  and 
the  safety  precautions  required.  Practice  has  shown  that  safety  can  be 
achieved  in  large-scale  projects  if  sound  practices  are  followed.  The 
manufacturers'  instructions  and  safety  procedures  should  be  carefully 
followed  whenever  the  materials  are  used.  The  safety  aspects  of  these 
chemicals  will  be  discussed  individually. 

FA  Monomer: 

FA  is  a  pale-yellow,  low-viscosity  liquid  soluble  in  water  and  many 
organic  solvents.  It  is  very  sensitive  to  acids  and  polymerizes 
readily.  Its  flammability  is  comparable  to  that  of  kerosene,  and  fire 
may  be  controlled  by  use  of  water,  foam,  carbon  dioxide,  or  dry  chemi¬ 
cals.  No  ICC  precautionary  label  is  required  for  the  drum  or  bulk  ship¬ 
ment  of  FA.  In  the  presence  of  concentrated  mineral  acids  or  strong 
organic  acids,  furfuryl  alcohol  reacts  with  explosive  violence;  there¬ 
fore,  precaution  should  be  taken  to  avoid  contact  of  such  material  with 
the  alcohol.  Good  ventilation  should  be  provided  and  contact  with  the 
skin  avoided.  If  spilled  on  the  body,  it  should  be  washed  off  promptly 
with  water.  Rubber  protective  gloves  and  chemical  goggles  should  be 
used. 


Polyester-styrene  Monomer: 

Polyester-styrene  is  a  volatile,  combustible,  and  toxic  liquid. 
However,  practice  has  shown  that  prolonged  stability  and  safety  can  be 
achieved  by  following  recommended  practices  in  storage  and  handling. 
Manufacturers  provide  safety  and  handling  guidelines  which  should  be 
carefully  observed. 

The  principal  factors  that  influence  the  stability  of  monomers  and 
determine  the  methods  to  be  used  for  safe  handling  are: 

1.  level  and  effectiveness  of  inhibitors, 

2.  storage  temperature, 

3.  flammability  and  combustibility, 

4.  toxicity, 

5.  effect  of  construction  materials  with  which  they  are  used. 

Secondary  considerations  include  odor,  sensitivity  to  light, 
moisture,  and  oxygen. 
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To  prevent  premature  polymerization,  the  monomers  contain  an  inhibi¬ 
tor  when  they  are  shipped  by  manufacturers.  In  general,  inhibitors  are 
free-radical  scavengers.  More  specifically,  they  serve  two  functions. 
First,  they  can  react  with  and  deactivate  the  free  radicals  in  growing 
polymer  chains.  Second,  they  can  act  as  antioxidants  and  prevent  poly¬ 
merization  by  reacting  with  oxidation  products  that  may  be  formed  in  the 
storage  vessel  through  contamination  or  through  the  formation  of  perox¬ 
ides  from  oxygen  in  the  air.  Polyester-styrene  may  be  inhibited  with 
t-butyl  pyrocatechol  at  levels  of  10  to  20  ppm.  The  inhibitor  level 
should  be  maintained  above  a  minimum  concentration  at  all  times.  If  the 
concentration  is  allowed  to  drop  below  this  danger  level,  the  amount 
remaining  may  not  be  adequate  to  prevent  a  premature  or  runaway  polymeri¬ 
zation.  For  example,  the  danger  level  for  styrene  is  ~4  to  5  ppm. 
Excessive  inhibitor  concentrations,  however,  can  pose  problems  with  poly¬ 
merization  rates  when  polymerization  is  desired. 

The  time  required  for  initial  inhibitor  concentrations  to  fall  to  a 
critical  level  varies  greatly  with  storage  and  handling  conditions. 
Factors  affecting  the  depletion  of  inhibitor  are  heat,  water,  and  air, 
with  heat  being  the  most  important.  In  hot  climates  [normal  tempera¬ 
tures],  the  bulk  monomer  should  be  cooled. 

Drums  of  monomer  should  not  be  allowed  to  stand  in  the  sun  for  only 
a  short  time.  As  soon  as  possible  after  being  received,  monomer  should 
be  placed  in  a  cool,  shaded  area.  In  hot  weather,  drums  can  be  cooled  by 
water  spray.  It  is  also  advisable  to  keep  inventories  to  a  minimum 
during  hot  weather  and  to  use  them  in  the  order  received  so  that  monomer 
is  not  stored  any  longer  than  necessary. 

Personnel  responsible  for  handling  and  mixing  the  monomers  should 
wear  respirators  equipped  with  chemical  filters,  safety  eye  glasses,  and 
impervious  gloves  and  aprons.  All  personnel  should  be  thoroughly  trained 
in  accordance  with  the  material  manufacturers’  recommendations. 

?i  ,&,q,-Trichlorotoluene  (TCT)  Initiator: 

TCT  is  a  colorless  to  yellowish  liquid  with  a  very  strong,  acidic, 
penetrating  odor.  It  is  non  flammable  and  insoluble  in  water.  Contact 
with  skin  or  mucous  membranes  can  cause  local  irritation.  Proper  protec¬ 
tive  clothing  such  as  rubber  gloves  and  goggles  should  be  worn. 

Methyl  Ethyl  Ketone  Peroxide  (MEKP)  Initiator: 

MEKP  is  generally  used  as  a  60%  solution  in  a  plasticizer.  It  is 
relatively  safe  but  is  still  considered  hazardous  by  the  ICC  and  must  be 
packaged  and  shipped  according  to  ICC  regulations.  The  flash  point 
ranges  from  52°  to  82°C,  and  as  such  it  is  not  considered  flammable  by 
the  ICC.  However,  once  ignited,  MEKP  solutions  will  burn  vigorously, 
even  more  so  than  gasoline. 
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Larger  amounts  of  MEKP  solutions  are  reasonably  stable  and  may  be 
kept  for  long  periods  of  time,  although  they  should  never  be  stored  in 
sealed  glass  bottles.  The  material  can  be  decomposed  by  heat,  sunlight, 
and  many  chemicals.  It  is  not  completely  stable  in  the  presence  of  many 
metals,  including  iron,  and  for  this  reason  the  solution  should  never  be 
shipped  or  stored  in  a  metal  container. 

In  handling  MEKP:  (1)  store  in  a  cool  area  away  from  sunlight  In 
original  container;  (2)  keep  away  from  heat,  open  flame,  or  sparks;  (3) 
prevent  contamination  with  oxidizable  materials;  (4)  do  not  add  to  hot 
materials;  and  (5)  avoid  contact  with  body  or  clothing. 

Zinc  Chloride  (ZnCl?)  Promoter: 

ZnCl2  is  a  free-flowing  white  powder  containing  essentially  no 
insoluble  matter  and  is  completely  soluble  in  water  up  to  81  g/100  ml  at 
room  temperature.  It  is  commonly  used  as  a  promoter  of  FA  in  industry. 

It  has  no  flash  point  and  is  rated  as  non  flammable  by  O.S.H.A.  The 
material  is  deliquescent  and  corrosive,  causing  burns  to  the  skin,  eyes, 
etc.  in  both  solid  and  liquid  forms;  therefore  adequate  safety  precau¬ 
tions  such  as  rubber  or  plastic  gloves  and  chemical  safety  goggles  should 
be  taken  to  avoid  contact. 

Cobalt  Naphthanate  (CoN)  and  N,N,  Dimethyl  Aniline  (DMA)  Promoter: 

Cobalt  naphthanate  is  generally  used  in  conjunction  with  MEKP  for 
rapid  curing  of  polyester-styrene.  DMA  is  used  individually  or  together 
with  MEKP  to  polymerize  monomers  such  as  polyester-styrene. 

Promoters  are  used  in  quantities  small  compared  with  the  amount  of 
monomer.  However,  their  handling  should  be  similar  to  that  of  monomers. 
They  should  be  stored  in  a  cool  place  out  of  direct  sunlight  and  not  in 
the  same  area  as  the  peroxide  initiators.  They  should  be  treated  as 
combustible  and  toxic  materials. 

Particular  care  must  be  taken  to  avoid  mixing  promoters  directly 
with  peroxide  initiators  because  the  mixture  can  react  explosively. 
Promoters  should  first  be  added  to  the  monomer  and  dispersed  thoroughly. 
Then  and  only  then  should  the  peroxide  be  added. 

Pyridine  Retarder: 

Pyridine  is  a  slightly  yellowish  or  colorless  liquid  with  a  sharp 
penetrating  odor.  It  is  soluble  in  water  and  most  common  organic  sol¬ 
vents.  It  has  a  moderate  toxicity  level  and  is  irritating  to  the  skin. 
Flammability  is  high  and  it  will  form  explosive  mixtures  with  air. 
Adequate  ventilation  and  skin  protection  should  be  provided  at  all  times. 
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